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Abstract 

 IgA nephropathy (IgAN) is the most common form of primary 

glomerulonephritis worldwide diagnosed by observing deposition of IgA in the 

mesangium of a renal biopsy. It is known that levels of abnormally glycosylated 

IgA1 with a reduction in galactose at the hinge region (galactose-deficient IgA1, 

Gd-IgA1) are elevated in the disease in both circulation and mesangial deposits. 

Gd-IgA1 is seen as auto-antigenic and leads to immune complex formation which 

can be deposited in the kidneys leading to renal injury. Higher levels of Gd-Ig1 

ave also been linked t progressive forms of IgAN. 

 While much research effort has been devoted to the study of Gd-IgA1 in 

IgAN, the biological basis for this aberrancy is still not well understood. This 

project aimed first to examine how genetic variation can influence O-glycosylation 

of the IgA1 hinge region. Secondly, how the mechanism behind IgA1 hinge region 

O-glycosylation can be altered during maturation of IgA1 producing B cells. 

Thirdly, how IgA1 hinge region O-glycosylation can be modulated by the action 

of cytokines and chemokines. 

 This work has for the first time identified a disparity in serum Gd-IgA1 

levels between Caucasian and Chinese populations; in both health and IgAN. 

Gender differences in serum Gd-IgA1 levels in IgAN have also been observed 

for the first time. A haplotype of C1GALT1, the gene for the galactose-adding 

C1GalT1 enzyme, associated with higher serum Gd-IgA1 levels has also been 

discovered. Maturation-dependent transcriptional regulation of glycosylation 

enzymes in B cells has been confirmed, and the C1GALT1 haplotype was found 

to strongly affect C1GALT1 transcript levels. Novel cytokines were also found to 

be able to modulate Gd-IgA1 production in IgA1 producing cells. The work in this 

thesis serves to further elucidate control of the mechanism behind O-

glycosylation at the IgA1 hinge region and provides new research questions in 

the study of IgAN. 
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Chapter 1 – Introduction 

 IgA nephropathy (IgAN), the most common form of primary 

glomerulonephritis in the world, is an immune-mediated disease and accounts 

for around 10% of renal patients on dialysis in developed countries. IgAN is 

characterised by the deposition of IgA in the glomerulus of the renal mesangium. 

IgA1 from patients with IgAN is known to be aberrantly glycosylated at the hinge 

region, with a reduction in the amount of galactose present; and this is the case 

for IgA1 in circulation or isolated from mesangial deposits. This galactose-

deficient IgA1 (Gd-IgA1) is seen as a major factor in the pathogenesis of IgAN; it 

has a tendency to be antigenic and lead to the formation of immune-complexes 

which are then deposited in the renal mesangium leading to renal injury. 

 This thesis aims to examine:  

1. How genetic variation can influence O-glycosylation of the IgA1 hinge 

region.  

2. How the mechanism behind IgA1 hinge region O-glycosylation can be 

altered during maturation of B cells. 

3. How IgA1 hinge region O-glycosylation can be modulated by the action of 

cytokines and chemokines. 

Individually or together, these factors have the potential to influence the severity 

and risk of progression of IgAN. 

1.1 – IgA Nephropathy 

 Immunoglobulin A nephropathy (IgAN) was first described in 1968 (Berger 

and Hinglais, 1968) and is now recognised as the most common form of primary 

glomerulonephritis worldwide (D'Amico, 1987). The worldwide incidence of IgAN 

has been found to be around 2 cases per 100,000 people per year (McGrogan, 

Franssen and de Vries, 2011; Schena and Nistor, 2018).The disease is 

characterised by the histological observation of IgA deposition in the renal 

mesangium, which is in itself the only current method of diagnosing IgAN. Many 

factors have led to the belief that IgAN is an immune-mediated disease. 

  Despite much research into the pathophysiology of IgAN, the disease is 

still not well understood; with multiple genetic and environmental factors having 
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been found to contribute to the disease. It is also unclear as yet whether IgAN is 

a single disease, or whether it is multiple diseases with similar presentations in 

different ethnicities or age groups. As it stands, with no specific cure or treatment 

currently available, IgAN accounts for around 10% of patients on dialysis and 

recurs in up to half of patients with a renal allograft. 

 1.1.1 – Clinical manifestation 

 IgAN patients will often present with persistent microscopic haematuria 

and proteinuria, but are often asymptomatic. Frequently, patients will present with 

visible haematuria during or after mucosal infections at the upper respiratory or 

gastrointestinal tracts. These can present as worsening symptoms of IgAN, or as 

the initial symptoms eventually leading to a diagnosis of IgAN (Floege and 

Feehally, 2016). 

 1.1.2 – Histological diagnosis 

 At present, the only method by which IgAN can be diagnosed is by 

histological observation of IgA and IgA-containing immune complexes in a renal 

biopsy, specifically in the renal mesangium (Figure 1.1). The Oxford classification 

was established in 2009 for pathological characterisation of renal biopsies in 

glomerular diseases, in order to assist in predicting prognosis for IgAN (Working 

Group of the International IgA Nephropathy Network and the Renal,Pathology 

Society et al, 2012). The classification utilises a scoring system that has been 

found to be highly reproducible in many centres worldwide. This system scores 

mesangial hypercellularity, endocapillary hypercellularity, segmental 

sclerosis/adhesion and tubular atrophy/interstitial fibrosis (MEST score) in 

sections of a renal biopsy. However, as a renal biopsy is a very invasive 

procedure, there is a strong need to find alternate methods of diagnosis and 

prognosis to minimise the risk to patients. 
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Figure 1.1: Immunofluorescent staining of IgA deposition in the 

glomerulus: Immunofluorescence staining of a section of a renal biopsy from 

an IgAN patient with fluorescein-conjugated anti-IgA antibodies. Positive 

staining of IgA deposited in the renal mesangium evident, specifically in the 

glomerulus, which is the hallmark of IgAN. 
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 1.1.3 – Pathogenesis 

  1.1.3.1 – Epidemiology 

 As a renal biopsy is required for diagnosis, the prevalence of IgAN is hard 

to measure. However, the reported incidence of IgAN varies depending on 

ethnicity and geographical location (Geddes et al, 2003). In European countries, 

IgAN has been found to account for around 20% of renal biopsies, in North 

America this figure is around 5-10%, while in Asian countries this figure rises to 

around 40% and in central African countries IgAN is diagnosed in less than 5% 

of renal biopsies (Mestecky et al, 2013) (Figure 1.2). These differences could be 

due to variability in clinical practices across different countries. Countries which 

regularly screen for urinary abnormalities in the population, such as Japan, 

biopsy more people which leads to more diagnoses of IgAN. Indeed, a correlation 

between the incidence of primary glomerulonephritis, including IgAN, and the 

number of renal biopsies performed in country has been observed (McQuarrie et 

al, 2009).  

 In Caucasians, the incidence of IgAN is twice as high in males as females. 

This gender difference is not seen in Asian populations, with equal proportions 

of males and females being diagnosed with IgAN (Barratt et al, 2012; Wyatt and 

Julian, 2013). The reasons behind differences in the incidence of IgAN in 

ethnicities and in genders has not as yet been well researched. 
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Figure 1.2: Geographical variations in the prevalence of IgAN: 

Percentages represent the proportion of cases of IgAN compared to all 

patients with glomerular disease. 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). 
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  1.1.3.2 – Multi-hit hypothesis 

 A multi-step hypothesis has been presented to describe the pathogenesis 

of IgAN (Figure 1.3). This first “hit” in this process involves the production of 

poorly O-galactosylated IgA1, which combines with the production of 

autoantibodies that bind this aberrant, galactose-deficient IgA1 (hit two) to form 

immune complexes (hit three) which are then deposited in the renal mesangium 

(hit four) (H. Suzuki et al, 2011). 

  1.1.3.3 – Renal damage 

 The binding of IgA1 and IgA-containing immune complexes to mesangial 

cells and their deposition in the renal mesangium leads to mesangial cell 

proliferation, extracellular matrix production, release of pro-inflammatory 

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

filtration barrier, glomerulosclerosis and tubulointerstitial scarring (Figure 1.4) 

(Boyd et al, 2012). 
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Figure 1.3: Depiction of the multi-hit hypothesis of the pathogenesis of 

IgAN: Hit 1: Elevated levels of circulating galactose-deficient IgA1 (Gd-IgA1) 

are produced. Hit 2: IgA or IgG autoantibodies for the undergalactosylated 

Gd-IgA1 hinge region are produced. Hit 3: Immune complexes are formed 

from Gd-IgA1 and IgA or IgG autoantibodies. Hit 4: Immune complexes are 

deposited in the renal mesangium, leading to mesangial cell proliferation, 

extracellular matrix production, release of pro-inflammatory cytokines and 

growth factors, podocyte damage, disruption of the glomerular filtration 

barrier, glomerulosclerosis and tubulointerstitial scarring. From (Canetta, 

Kiryluk and Appel, 2014). 
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Figure 1.4: Deposition of IgA immune complexes and triggering of renal 

injury: Deposition of IgA1 immune complexes in the renal mesangium leads 

to release of pro-inflammatory and pro-fibrotic mediators, causing mesangial 

cell proliferation, podocyte damage, synthesis of extracellular matrix 

components, and filtration of mediators into the proximal tubule. Glomerular 

filtration barrier damage leads to an increase in proteinuria and also filtration 

of mesangial-derived mediators and IgA1 immune complexes into the 

proximal tubule, causing the release of pro-inflammatory and pro-fibrotic 

cytokines from proximal tubular epithelial cells into the interstitial space 

resulting in tubulointerstitial fibrosis. From (Boyd et al, 2012). 
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 1.1.4 – Genetics 

 Genetic factors are very likely to have a contributory effect on the 

development of IgAN. The large variance in incidence of IgAN across different 

ethnicities suggests the presence of susceptibility genes at different frequencies. 

Familial aggregation of IgAN is also well documented across the world. 

  1.1.4.1 – Heritability 

 Cases of IgAN in multiple members of the same family have been reported 

in Europe, North America and Asia (Scolari et al, 1999; Karnib et al, 2007; 

Lavigne et al, 2010; Tam et al, 2009). Inheritance of IgAN occurs in an autosomal 

dominant pattern in most reported families (Kiryluk and Novak, 2014; Fennelly et 

al, 2018). Clinically patients with familial IgAN will present similarly to those with 

sporadic IgAN, and no differences can be seen in the histopathology of renal 

biopsies between these. Familial IgAN is thought to account for around 5% of all 

IgAN cases (Mestecky et al, 2013); however, due to the necessity of a renal 

biopsy to diagnose IgAN, the true prevalence of familial IgAN is unknown. This 

also means familial IgAN has important clinical implications, for instance in the 

selection of appropriate donor kidneys from family members for transplantation. 

 Studies have also shown that elevated levels of galactose-deficient IgA1 

(Gd-IgA1) in circulation, thought to be one of the main pathogenic features of 

IgAN, is a heritable trait in IgAN in multiple populations worldwide. This has been 

found to be consistent regardless of what age diagnosis of IgAN is made at, in 

both sporadic and familial IgAN and also in secondary forms of IgAN (Gharavi et 

al, 2008; Hastings et al, 2010; Kiryluk, Moldoveanu, John et al, 2011; Lomax-

Browne et al, 2016). However, blood relatives of IgAN patients with high 

circulating Gd-IgA1 levels who themselves had high levels of Gd-IgA1 have been 

shown to have no evidence of kidney disease, suggesting that although they 

represent a risk factor for the disease, increased Gd-IgA1 levels  are  alone  

insufficient  to  cause  IgAN. 

  1.1.4.2 – Candidate genes and susceptibility loci 

 Several genome-wide linkage studies in familial IgAN have been reported, 

identifying several candidate gene loci in families with at least two cases of IgAN. 
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The earliest of these identified a locus on chromosome 6q22-23 in 60% of the 

families studied, with the remainder showing linkage to chromosome 3p24-23 

(Gharavi et al, 2000). Subsequent studies replicated the linkage to chromosome 

6q22-23, but also detected signals for linkage to chromosomes 4q26-31, 17q11-

22 and 2q36 (Bisceglia et al, 2006; Paterson et al, 2007). Genetic association 

studies in sporadic IgAN have also been carried out, leading to conflicting data 

on association of genes involved in glycosylation pathways with IgAN. In Chinese 

populations, single nucleotide polymorphisms (SNPs) of the gene for the 

galactosyltransferase enzyme C1GalT1 (C1GALT1, chromosome 7p14-13) and 

the gene for the chaperone protein of C1GalT1, Cosmc (C1GALT1C1, 

chromosome Xp24), have been found to associate with IgAN (G. -. Li et al, 2007; 

W. L. Li and Lu, 2015; Eleonora Bertinetto et al, 2012). However, in European 

populations associations with IgAN have been found in C1GALT1 but not 

C1GALT1C1 (Pirulli et al, 2009; Malycha et al, 2009). Candidate gene studies of 

this nature select genes for analysis based on any known or suspected disease 

mechanism. Along with relatively small sample sizes, this means they often lack 

power. The inconsistency seen in these also holds to underpin the genetic 

heterogeneity of IgAN. 

  1.1.4.3 – Genome-wide association studies 

 Genome-wide association studies (GWAS) utilise high-throughput 

genotyping technologies to analyse large numbers of genetic variants across the 

entire genome. Typically examining SNPs, a GWAS involves analysis of 

thousands of samples in a case-control or family-based nature and have a 

greater power to detect novel disease susceptibility loci than candidate gene 

studies. 

 The first IgAN GWAS was performed in 2010 in a cohort of IgAN patients 

of European origin, identifying associations at the major histocompatibility 

complex (MHC) region (Feehally et al, 2010). A subsequent GWAS involved a 

discovery cohort of Chinese ancestry with targeted follow-up in Chinese and 

European cohorts. This study showed associations with IgAN in three HLA loci 

at the MHC region at chromosome 6p21, a locus at chromosome 22q12 

(HORMAD2 locus) and with a common deletion of CFHR1 and CFHR3 
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(chromosome 1q32) (Gharavi et al, 2011). HORMAD2 encodes HORMA domain-

containing protein 2 which is involved in regulating meiosis, and CFHR1 and 

CFHR2 encode complement factor H-related proteins. The next reported GWAS 

was in a Chinese cohort and replicated the five associations found in the previous 

study, while also identifying two new loci; one at chromosome 17p23 (TNFSF13 

locus) and one at chromosome 8p23 (DEFA locus) (Xue-Qing Yu et al, 2011). 

TNFSF13 (tumor necrosis factor superfamily 13) encodes APRIL which is 

important for B cell development, and DEFA encodes the antimicrobial protein 

defensin alpha 1.  

 In 2014, a fourth IgAN GWAS was performed using populations from all 

three previous studies and including further populations from Asia and Europe 

(Kiryluk et al, 2014). This study replicated the previous findings and reported 

several new loci associated with IgAN: at chromosome 9q34 (CARD9 locus), 

chromosome 1p13 (VAV3 locus) and four at chromosome 16p11 (ITGAM-ITGAX 

locus). CARD9 encodes caspase recruitment domain-containing protein 9, an 

adapter protein that promotes activation of NF-κB in macrophages. VAV3 

encodes vav guanine nucleotide exchange factor 3 which is involved in 

chemokine signalling. ITGAM-ITGAX encodes integrins αM and αX, A further 

study in a Chinese cohort replicated the ITGAM-ITGAX and DEFA loci 

associations and also reported new associations at chromosomes 3q27, 11p11 

and 8q22 (ST6GAL1, ACCS and ODF1-KLF10 loci respectively) (M. Li et al, 

2015); these novel loci however require validation in a European cohort. 

ST6GAL1 encodes the sialyltransferase enzyme ST6 beta-galactosamide alpha-

2,6-sialyltranferase. ACCS encodes 1-aminocyclopropane-1-carboxylate 

synthase-like protein 1 that belongs to the class-I pyridoxal-phosphate-

dependent aminotransferase family. ODF1 encodes outer dense fiber protein 1 

which forms cytoskeletal structures in sperm tails. KLF10 encodes Kruppel-like 

factor 10 which is a transcriptional repressor of TGF-β signalling. 

 All five IgAN GWAS to date have identified associations of IgAN with 

multiple genes at the MHC; a region encoding cell surface proteins essential for 

the acquired immune system to recognise foreign molecules. TNFSF13 encodes 

APRIL (a proliferation inducing ligand), a cytokine involved in the development of 

IgA producing B cells. Many of the other reported loci have functions involving 
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maintenance of the intestinal epithelial barrier and defence against mucosal 

pathogens. Geographic differences in the prevalence and association of many of 

these loci have been identified, paralleling the geographic differences in the 

incidence of IgAN itself (Kiryluk et al, 2012).  

 1.1.5 – Prognosis 

 The prognosis of IgAN is very variable but is associated with a significant 

risk of progressive kidney disease. In Caucasian populations, 20-40% of IgAN 

patients will progress to end-stage renal disease (ESRD) within 20 years of 

diagnosis (Geddes et al, 2003), and there is currently no fully validated clinically 

relevant method of predicting the prognosis of the disease at diagnosis.  

 There have been several markers suggested to be useful in predicting the 

progression of IgAN (Maixnerova et al, 2016). A higher combined MEST score, 

as well as a higher score of each factor individually, have been proposed and 

validated as markers for progression; however, this still requires the initial risk to 

the patient of a renal biopsy. In recent years, there has been more focus on 

identifying markers less invasively, such as those found in serum or urine. Serum 

levels of Gd-IgA1 and Gd-IgA1-specific IgA and IgG autoantibodies have been 

proposed thusly (Zhao et al, 2012; Berthoux et al, 2012; Yanagawa et al, 2014). 

Other reported serum markers include cytokines such as TNF receptors 1 and 2, 

and IL-17A (Oh et al, 2015; Watorek and Klinger, 2015). With regards to urinary 

markers of progression in IgAN, urinary levels of EGF, IL-6 and MCP-1 have 

been reported (Stangou et al, 2009). These candidate markers do however 

require validation in larger cohorts of patients to determine their actual usefulness 

in predicting progression of IgAN  

 1.1.6 – Treatment 

 At present there is no cure for IgAN, and treatment options for patients are 

quite limited and rarely a long-term success, with no IgAN-specific treatments 

currently available. Standard treatments for glomerulonephritis that are used with 

in IgAN include renin-angiotensin blockade with angiotensin converting enzyme 

inhibitors or angiotensin receptor blockers. Immunosuppressive therapy by the 

use of systemic corticosteroids is a common treatment option for patients who 

have not responded to the above treatments, but comes with many side effects 
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after long-term use and is usually only prescribed in six-month courses because 

of this (Buchman, 2001; Coppo, 2017). A formulation of the corticosteroid 

budesonide targeted for release at Peyers’s patches in the ileum of the gut has 

recently been shown to be a promising treatment for IgAN and avoids the many 

side effects of systemic treatments with the same (Smerud et al, 2011; Fellström 

et al, 2017). However, for those in whom the disease progresses, renal 

replacement therapy either by dialysis or renal transplantation are currently the 

main options for treatment. 

 1.1.7 – Secondary forms of IgAN 

 The most common form of secondary IgAN is called IgA vasculitis (IgAV), 

formerly known as Henoch-Schönlein purpura (HSP). IgAV is caused by IgA 

deposition in the walls of small blood vessels and can affect areas such as the 

skin, joints, gut and kidneys leading to symptoms in these areas such as rash, 

arthralgia, abdominal pain and nephritis. IgAV has been described as a systemic 

form of IgAN, as the renal biopsies from IgAV patients with nephritis are 

histologically indistinguishable from IgAN (Waldo, 1988). Patients with IgAV have 

also been found to have elevated serum levels of Gd-IgA1 similarly to IgAN 

patients (Kiryluk, Moldoveanu, Sanders et al, 2011). 

 IgAN has also been documented in patients with a variety of other 

diseases but is referred to as being secondary to the underlying disorder. These 

disorders are not necessarily renal diseases, and can include chronic liver 

disease, inflammatory diseases, autoimmune diseases, chronic infections and 

neoplasms (Pouria and Barratt, 2008; Saha et al, 2018). Due to the fact that 

mesangial IgA deposition can be found in healthy subjects without any prior 

clinical manifestation of IgAN, associations between IgAN and other diseases 

could be an exacerbation of underlying asymptomatic IgAN caused by the 

disease in question. 

1.2 – IgA and the immune system 

 1.2.1 – Adaptive immunity 

 The adaptive immune system, otherwise known as the acquired immune 

system, utilises clonal selection of lymphocytes to provide immune responses to 
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specific pathogens. It holds the function of immunological memory, in that the 

recognition of specific pathogen molecules is “remembered” by specific memory 

B and T lymphocytes in order to provide a faster immune response upon 

subsequent exposure to these same pathogens. 

 1.2.2 – B cell development 

 All B cells develop from hematopoietic stem cells found in bone marrow, 

beginning with functional rearrangement of the immunoglobulin gene segments 

(Pieper, Grimbacher and Eibel, 2013). These immature B cells will then migrate 

via the blood to secondary lymphoid tissues such as the spleen, lymph nodes or 

Peyer’s patches whereupon they differentiate into naïve, follicular or marginal 

zone B cells as the final stage of their early development. These cells, once 

activated by recognition of specific antigens, begin proliferating, differentiate 

further and undergo antibody class switching to produce immunoglobulins of 

different isotypes or subtypes for secretion in two forms; soluble for circulation in 

blood plasma and membrane-bound as B cell receptors to modulate immune 

responses. Marginal zone B cells and follicular B cells can develop into short-

lived plasma cells for immediate production of protective antibodies to acute 

infections (Martin and Kearney, 2002). Follicular B cells can also migrate to 

germinal centres in lymph nodes and, once activated by antigen binding and 

supported by T-helper cells, differentiate into memory B cells or through 

plasmablasts into long-lived plasma cells (Perez‐Andres et al, 2010). Long-lived 

plasma cells are utilised for a longer-term antibody production, while memory B 

cells present a single class and subtype of immunoglobulin on their surface, in 

effect “remembering” the antigen that activated their development, and are thus 

able to differentiate into antibody-producing plasma cells upon any future 

stimulation with their respective antigen (Calame and Shapiro-Shelef, 2005). A 

diagram of B cell development from marginal zone and follicular B cells is 

included as Figure 1.5. 
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Figure 1.5: Diagram of B cell development from marginal zone B cells 

and follicular B cells to antibody secreting plasma cells: Marginal zone 

B cells and follicular B cells in secondary lymphoid tissue such as in the 

spleen, lymph nodes or Peyer’s patches can develop into short-lived plasma 

cells for immediate production of protective antibodies to acute infections. 

Follicular B cells migrate to germinal centres in lymph nodes and, once 

activated by antigen binding and supported by T-helper cells, undergo class-

switch recombination (CSR, see section 1.2.5) and differentiate into memory 

B cells or through plasmablasts into long-lived plasma cells. From (Calame 

and Shapiro-Shelef, 2005). 
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 1.2.3 – The mucosal immune system 

 Mucosal surfaces are internal areas of the body in contact with the 

external environment; these surfaces being the epithelia of the gastrointestinal 

tract, the genitourinary tract and the respiratory system. The mucosa-associated 

lymphoid tissues (MALT) consist of a large amount of secondary lymphoid tissue 

found at mucosal membranes; this forms the mucosal immune system which 

provides a primary line of defence against pathogens from the environment. It 

also serves as a barrier to prevent systemic immune responses caused by the 

body’s normal commensal flora. The main isotype of immunoglobulin produced 

in the MALT in mucosal secretions is IgA. 

 1.2.4 – B cell homing 

 Homing is the action of cells migrating to different sites in the body, either 

for maturation purposes or for functional reasons; a process that involves various 

receptors and chemokines. Naïve B cells are undifferentiated, and therefore 

express few homing receptors as they are freely able to move through the 

lymphatic system to the spleen, lymph nodes or Peyer’s patches where early 

differentiation can occur (Kantele, Kantele and Arvilommi, 1996). Upon exposure 

to antigens and differentiation into mature cells, B cells begin to express homing 

receptors at a higher level. This allows the cells to traffic through circulation to 

effector sites such as mucosal surfaces upon the action of organ-specific 

chemokines. These sites have large amounts of cellular adhesion molecules, 

which allows the undifferentiated cells to bind. For example; α4β7 integrin is the 

receptor for the ligand MAdCAM-1 (mucosal vascular addressin cellular adhesion 

molecule 1) in the mucosal surfaces of the gut (Mora and von Andrian, 2008). 

 1.2.5 – Immunoglobulins 

 Immunoglobulins, interchangeably called antibodies, are glycoproteins 

synthesised by B cells as a critical part of adaptive immune responses (humoral 

immunity). They are utilised to recognise and bind specific, normally foreign, 

pathogenic antigens and either directly neutralise or aid in the removal of these 

potentially damaging antigens from the body by marking them as foreign. 
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 All immunoglobulins, regardless of specificity or isotype share the 

structure of two identical heavy chains and two identical light chains forming 

variable and constant regions. There are two types of light chain named kappa 

(κ) and lambda (λ), and five types of heavy chain named mu (μ), delta (δ), alpha 

(α), gamma (γ) and epsilon (ε). These heavy chains give rise to the five 

immunoglobulin isotypes: IgM, IgD, IgA, IgG and IgE respectively. The two heavy 

and two light chains are joined by disulphide bonds into an overall structure 

comprised of two Fab (fragment, antigen binding) regions and one Fc (fragment, 

crystallisable) region. The Fab regions are known together as the variable 

domain, and this highly heterogenous region is responsible for the multitude of 

different antigen-recognising antibodies that can be synthesised. The Fc region 

is responsible for the binding of immunoglobulins to cell surface receptors, thus 

allowing activation of immune responses. The presence of hinge regions 

between the Fab and Fc regions allows for an increased flexibility of the 

immunoglobulin structure and therefore an increase in the capacity for antigen 

binding (Adlersberg, 1976).  

 Immature, or naïve, B cells will initially only produce IgM and IgD before 

being exposed to antigens. Antibody class switching to the different 

immunoglobulin isotypes is caused by specific signalling cascades begun by 

antigen detection inducing activation and maturation of B cells. This causes 

deletions and functional rearrangements in the heavy chain gene locus, known 

as V(D)J recombination (Figure 1.6), leading to the production of different 

immunoglobulin isotypes specific to the type of presented antigen (Borghesi and 

Milcarek, 2006). Class switching is known to be highly regulated by a range of 

cytokines; some of which can also modify or interrupt this process. Once a B cell 

reaches a certain stage of differentiation, it will lose the ability for further class 

switches and be set producing a single immunoglobulin isotype. 

 Alternative splicing of the individual heavy chain genes during normal B 

cell differentiation regulates the production of membrane-bound and secreted 

immunoglobulins, with initial production of membrane-bound forms shifting to 

secreted forms as the cells mature. It has also been observed that changes in 

the synthesis ratio of membrane-bound to secreted form, and thus B cell 

differentiation, is strongly influenced by the presence of cytokines. The translated 
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membrane-bound forms contain an extended hydrophobic Fc region which 

allows for anchoring in the cell surface membrane; and in combination with 

accessory proteins, the membrane-bound immunoglobulins form B cell antigen 

receptor complexes, allowing for signal transduction of the recognition of antigen 

binding and causing the cell to proliferate and convert to synthesising the 

secreted form of the antibody for immune response. Different arrangements of 

each heavy chain locus also form the diversity of the variable region that is the 

key to the recognition of the vast number of antigens.  
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Figure 1.6: V(D)J recombination of the immunoglobulin heavy chain 

gene: Different germline gene segments coding for the variable Ig heavy and 

light chains are joined by somatic V(D)J gene rearrangement. Addition or 

removal of nucleotides during recombination at the junctions (*) and somatic 

hypermutation (arrows) in the complementary-determining regions of the VL 

and VH genes results in a high diversity of immunoglobulins. The constant 

regions of the heavy chain are joined by RNA splicing to the variable regions. 

Adapted from (Feederle and Schepers, 2017). 
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 1.2.6 – Immunoglobulin A 

 Immunoglobulin A (IgA) is the most heavily synthesised antibody in 

humans, with around 66mg/kg of body weight being produced per day (Pabst, 

2012), which is more than twice the production of IgG, and comprises around 

15% of the immunoglobulin content in serum. IgA is also the main antibody 

produced at mucosal surfaces such as the epithelia of the gastrointestinal tract, 

the genitourinary tract and the respiratory system. This means that IgA provides 

a front-line defence at the bodily surfaces most in contact with the external 

environment. 

  1.2.6.1 – Structure of IgA 

 As with all immunoglobulins, human IgA consists of two heavy chains and 

two light chains, with the heavy chains being of the α class and either of the light 

chains κ and λ. Unlike the other immunoglobulin classes, IgA can exist in both 

monomeric or polymeric forms; with IgM only existing in polymeric form and IgD, 

IgG and IgE only existing as monomers. The monomeric form of IgA comprises 

more than 90% of the IgA in serum (systemic IgA) and is produced in the bone 

marrow, while polymeric IgA (mostly dimeric but some tetramers) is mainly 

produced in the MALT (mucosal IgA). 

  Polymeric IgA, and IgM, is joined together at the end of the Fc regions by 

a small protein called the immunoglobulin joining chain (J chain) (Johansen, 

Braathen and Brandtzaeg, 2000). Polymeric IgA produced at mucosal surfaces 

is also associated with secretory component (SC), and as it is also then a 

component of mucous secretions it is termed secretory IgA (sIgA). SC is bound 

to the Fc regions of the IgA subunits in polymeric IgA only through the presence 

of J chain and is thought to provide resistance to degradation by proteases. 

  1.2.6.2 – Function of IgA 

 As stated above, the main function of IgA is at mucosal surfaces in the 

form of sIgA, where it forms a front-line defence in order to neutralise biologically 

active pathogens such as microorganisms, toxins and enzymes and prevent 

entry into the body at the mucosa; this process is known as immune exclusion 

(Pabst, 2012). The methods by which sIgA functions in this manner include 
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entrapping targets in mucous secretions and preventing any binding to cell 

surface receptors, aggregating bacteria to reduce their mobility and limit their 

invasiveness, and by assisting in the uptake of antigens through the epithelium 

to lymphoid tissue for degradation. 

  1.2.6.3 – Isoforms of IgA 

  Human IgA exists in two isoforms; IgA1 and IgA2 (Figure 1.7). Most 

mammalian species that possess IgA will produce isoforms of IgA more closely 

related to IgA2, while only humans and higher primates produce IgA1. These 

different human isoforms arise through the composition of the heavy chain, with 

separate α genes on chromosome 14 for IgA1 and IgA2 (α1 and α2 respectively). 

The two isoforms of IgA differ in the hinge region, with IgA1 possessing an 

extended hinge region of 26 amino acids, while the IgA2 hinge region is 13 amino 

acids long. This extended hinge region allows for greater flexibility in the structure 

of IgA, which in turn allows for greater capacity for antigen binding (Adlersberg, 

1976). Unlike the shorter IgA2 hinge region, the IgA1 hinge region has several 

sites for O-glycosylation. The IgA1 hinge region is also highly susceptible to 

degradation by a number of bacterial proteases (Chintalacharuvu et al, 2003). 

 The proportion of IgA1 and IgA2 varies in humans depending on whether 

the IgA is produced systemically or at different mucosal surfaces. Systemically in 

serum, around 90% of the IgA content is IgA1. In the respiratory system, IgA1 

predominates. In the MALT of the gastrointestinal tract (gut-associated lymphoid 

tissue, GALT), this varies further; with equal amounts of IgA1 and IgA2 produced 

in the small intestine and more IgA2 than IgA1 produced in the large intestine 

(Delacroix et al, 1982). 
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Figure 1.7: Comparison the structure of IgA1 and IgA2: Both IgA1 and 

IgA2, like all immunoglobulins, comprise two heavy and two light chains. The 

heavy chain genes for IgA1 and IgA2 are named α1 and α2 respectively. 

Unlike IgA2, IgA1 contains an extended hinge region between the Fab and 

Fc regions. This extended hinge region is rich in serine and threonine 

residues, three to six of which can be sites for O-glycosylation. 
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  1.2.6.4 – IgA1 hinge region O-glycosylation 

 One of the most important post-translational modifications made to 

proteins is glycosylation, defined as the enzymatic attachment of carbohydrate 

moieties to translated proteins. This process provides a greater proteomic 

diversity than other types of post-translational modifications; and is critical to 

many biological processes such as cell signalling and protein-ligand interactions 

in the cell, cell differentiation and adhesion, and can also influence the correct 

folding of some proteins. The O-linked glycosylation of secretory or membrane-

bound glycoproteins occurs specifically in the Golgi apparatus at serine or 

threonine residues of peptide chains and is a major category of glycosylation. O-

glycosylation is essential to the synthesis of mucins, a family of high molecular 

weight proteins that form mucous secretions, and crucial in the formation of the 

core proteins in extracellular matrix components (Bergstrom and Xia, 2013). Due 

to the importance of glycosylation to biological processes, acquired and inherited 

mutations in glycosylation pathways have been found to be associated with the 

pathology of a number of diseases.  

 Commonly, immunoglobulins are heavily glycosylated, with human IgA1 

being one of the few circulating glycoproteins which can be O-glycosylated as 

well as N-glycosylated, along with IgD (Mellis and Baenziger, 1983). The IgA1 

hinge region, as described above, is 26 amino acids long and is rich in serine 

and threonine residues; up to six of which can be sites for O-glycosylation (Tarelli 

et al, 2004). 

 The common core 1 O-glycan structure Gal-β1,3-GalNAc-Ser/Thr is a 

precursor for many extended mucin-type O-glycan structures such as those 

found in the IgA1 hinge region. The synthesis of core 1 is first initiated by the 

transfer of N-acetylgalactosamine (GalNAc) from UDP-GalNAc to serine or 

threonine residues, catalysed by the GalNAc transferase enzyme GalNT2 

(polypeptide N-acetylgalactosaminyltransferase 2) (Iwasaki et al, 2003a). This 

initial structure is known as the Tn-antigen. Galactosylation of the Tn-antigen can 

then occur through the transfer of galactose from UDP-Gal to GalNAc by the 

enzyme core 1 synthase, glycoprotein-N-acetylgalactosamine 3-beta-

galactosyltransferase 1 (C1GalT1), forming the Gal-β1,3-GalNAc-Ser/Thr 
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structure more commonly known as the T-antigen (T. Ju et al, 2002). C1GalT1, 

upon translation, requires a molecular chaperone protein called Cosmc for 

correct folding and activation of its enzymatic activity, or is otherwise signalled 

for degradation by the ubiquitin-proteasome system (T. Z. Ju and Cummings, 

2002; Y. Wang et al, 2010). Both the Tn- and T-antigens can by sialylated by the 

addition of N-acetylneuraminic acid (sialic acid). This is catalysed by N-

acetylgalactosaminide-α-2,6-sialyltransferase (ST6GalNAc) enzymes for an α2,6 

linkage of sialic acid to GalNAc and by β-galactoside-α-2,3-sialyltransferase 

enzymes (ST3Gal) for an α2,3 linkage of sialic acid to galactose (Harduin-Lepers 

et al, 2001). Figure 1.8 gives a depiction of O-glycosylation at the IgA1 hinge 

region. 

  1.2.6.5 – Cytokine and chemokine regulation of IgA synthesis 

 The activation of B cells and their regulation as they mature is influenced 

by the action of many cytokines and chemokines. These can also have an action 

in preferentially causing B cells to class-switch to specific immunoglobulin 

production. With regards to IgA production, TGF-β (transforming growth factor β) 

is heavily involved in inducing class-switch recombination of α1 and α2 germline 

transcripts from the immunoglobulin heavy chain gene locus. In effect, TGF-β 

induces the IgA response (Sonoda et al, 1992), and cooperates with CD40L on 

the surface of T cells to initially activate naïve B cells to this end (Dullaers et al, 

2009). Independently of T-cells, APRIL (a proliferation inducing ligand) and BAFF 

(B cell activating factor) also function to activate naïve B cells by engaging B-cell 

maturation antigen (BCMA), BAFF receptor (BAFFR) and TACI (transmembrane 

activator and CAML interactor) (Litinskiy et al, 2002). It has also been 

documented that APRIL can preferentially induce IgA2 transcripts and BAFF 

IgA1 (He et al, 2007). IL-10 plays a significant role in inducing differentiation of B 

cells to IgA secreting plasma cells (Marconi et al, 1998; Hirano et al, 2003; 

Lafarge et al, 2011). 
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Figure 1.8: IgA1 hinge region O-glycosylation: From (Yeo, Cheung and 

Barratt, 2018). 

a: Structure of the IgA1 molecule and its hinge region between the Fab and 

Fc regions. This hinge region is 26 amino acids long and is rich in serine and 

threonine residues, three to six of which can be sites for O-glycosylation.  

b: Mechanism of O-glycosylation at the IgA1 hinge region. First, GalNAcT2 

enzyme catalyses the addition of N-acetylgalatosamine (GalNAc) to Ser/Thr 

residues. Second, C1GalT1 and its chaperone protein Cosmc catalyse the 

addition of galactose to GalNAc. Thirdly, sialic acid can be added to galactose 

by ST3Gal enzymes, or to GalNAc by ST6GalNAc enzymes before or after 

galactose addition. 

c: Depiction of galactosylated and non-galactosylated O-glycan structures 

that can be found at the IgA1 hinge region. 
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 It has been shown that the pattern of O-glycosylation at the IgA1 hinge 

region can be altered by the action of a variety of cytokines on IgA producing 

cells; namely by altering the regulation of C1GalT1 and ST6GalNAc enzymes 

causing a reduction in the amount of galactose present. This has been 

demonstrated in an immortalised IgA1 producing cell line isolated from a 

carcinoma by stimulation with a major virulence factor of Helicobacter pylori, 

CagA, and with the cytokines IL-4, TGF-β and IL-17 (Yamada et al, 2010; Xiao 

et al, 2017; Lin et al, 2018). This same effect has been seen in immortalised IgA1 

producing cells isolated from healthy subjects and IgA nephropathy patients that 

were stimulated with IL-4 and IL-6 (H. Suzuki et al, 2014). 

  1.2.6.6 – IgA in IgAN 

   1.2.6.6.1 – IgA1 O-glycosylation in IgAN 

 Serum from IgAN patients is known to contain higher levels of IgA1 that is 

hypogalactosylated at the hinge region (galactose-deficient IgA1, Gd-IgA1) 

compared to serum from healthy subjects (Coppo and Amore, 2004; Moldoveanu 

et al, 2007; Mestecky et al, 2008; Barratt, Smith and Feehally, 2012; Novak et al, 

2012). In IgAN patients, the levels of circulating Gd-IgA1 have been shown to 

correlate with levels of Gd-IgA1 isolated from deposits in the renal mesangium 

(Allen et al, 2001). These increased levels of Gd-IgA1 are thought to be due to 

under-expression or low activity of C1GalT1 or Cosmc decreasing the ability to 

add galactose, or due to high expression or activity of sialyltransferases blocking 

the addition of galactose by over-sialylation of terminal GalNAc (Allen et al, 1997; 

Qin et al, 2005; Buck et al, 2008; Raska et al, 2008; Smith et al, 2008). In recent 

years, the presence of higher levels of Gd-IgA1 in serum has been linked with a 

faster decline in renal function in IgAN (Hiki, 2009; Zhao et al, 2012). This pattern 

has been described in multiple ethnicities (Shimozato et al, 2008; Hastings et al, 

2010); but a direct comparison of Gd-IgA1 levels in IgAN across ethnic groups 

has yet to be made.  

 Measurements of the extent of galactose-deficiency of IgA1 in serum are 

most commonly made by way of an ELISA based method (Allen, Harper and 

Feehally, 1995; Gomes et al, 2010). This method utilises lectins that preferentially 

bind to terminal O-linked GalNAc residues; the most common lectin in use 
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worldwide being from the Helix aspersa (HA) garden snail. However, there are 

up to six sites for O-glycosylation on the IgA1 hinge region, which leads to a vast 

number of potential combinations of glycoforms; many of which will lack 

galactose at some sites and thus contain an exposed terminal or sialylated 

GalNAc. In health and in IgAN, serum contains a mixture of IgA1 glycoforms 

which bind the HA lectin to differing extents, leading to an overlap in the levels of 

circulating Gd-IgA1 between IgAN patients and healthy subjects and making its 

use as a diagnostic tool more difficult. Glycobiology techniques such as mass 

spectrometry can be used to measure more accurately glycosylation of the IgA1 

hinge region, giving site-specific data of the aberrancy of IgA1 O-glycosylation in 

IgAN. However, this can be quite expensive and labour intensive and while 

several proof of concept studies analysing the IgA1 hinge region by mass 

spectrometry have been published, only one small study has compared the IgA1 

hinge region from IgAN patients with that of healthy subjects; finding three site-

specific galactose-deficient O-glycan structures that were specific to IgAN (Odani 

et al, 2010). 

 As with IgA1, IgD can also be O-glycosylated at its hinge region. However, 

no aberrancy in IgD O-glycosylation has been seen in IgAN (Smith, De Wolff et 

al, 2006). It is inferred from this that any defect in IgAN that causes reduced 

galactosylation of the IgA1 hinge region is not a generic feature of B cells, but 

rather a defect in an upstream regulatory pathway as they class switch from naïve 

B cells to IgA1 producing B cells. 

   1.2.6.6.2 – Pathogenic IgA origins 

 It has been theorised that the higher levels of circulating Gd-IgA1 seen in 

IgAN is produced by B cells that have been miss-trafficked from the mucosa, due 

to the fact that IgA1 produced in the mucosa is known to be less glycosylated 

than that derived from the bone marrow (Royle et al, 2003; Smith, Molyneux et 

al, 2006). This is supported by the commonly reported flare-up of IgAN alongside 

mucosal infections, potentially causing an increase in cytokines which stimulate 

B cells to produce more Gd-IgA1 (Barratt et al, 1999; Floege and Feehally, 2016). 
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   1.2.6.6.3 – Immune complex formation 

 The undergalactosylated hinge region of IgA1 is thought to be antigenic 

for IgA and IgG autoantibodies. These autoantibodies are produced systemically 

and are thought to be targeted to GalNAc epitopes, which are expressed in 

structures on the surface of Gram-positive bacteria and on some viruses 

(Freymond et al, 2006; Lei et al, 2015). When these autoantibodies bind Gd-IgA1, 

they form immune complexes which are then deposited in the kidneys leading to 

renal injury (Kokubo et al, 1997; Tomana et al, 1999; Novak et al, 2008; H. Suzuki 

et al, 2009; Placzek et al, 2018).  

   1.2.6.6.4 – IgA receptors and renal mesangium 

deposition 

 The deposition of IgA and IgA-containing immune complexes in the renal 

mesangium is the hallmark of IgAN, however the mechanism of deposition is at 

present not well understood. Renal clearance of IgA normally occurs through 

receptor mediated endocytosis and catabolism, this process being able to clear 

IgA up to a point. Human mesangial cells have been well documented to express 

the transferrin receptor (TfR, CD71), which itself can be a receptor for IgA1 but 

not IgA2. TfR has been found to be overexpressed in mesangial cells and 

glomeruli from IgAN patients and also to preferentially bind Gd-IgA1 (Moura et 

al, 2001; Moura et al, 2004). It has been shown that binding of IgA to TfR on 

mesangial cells results in cellular proliferation and release of the cytokines IL-6 

and TGF-β; two factors that can lead to renal damage seen in 

glomerulonephritides such as IgAN. Other receptors for IgA on mesangial cells 

have recently been identified, such as the integrins α1β1 and α2β1 (Kaneko et 

al, 2012), and β1,4-galactosyltransferase 1 (Molyneux et al, 2017). 

 Evidence of a positive feedback loop in the deposition of IgA in the renal 

mesangium has been provided by studies identifying functional cooperation of 

TfR on human mesangial cells and IgA. These showed that deposition of IgA in 

the renal mesangium caused increased expression of TfR which in turn allowed 

more binding of IgA and thus more IgA deposition (Moura et al, 2005; Tamouza 

et al, 2007). 
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 It has been found that healthy subjects can have deposition of IgA in the 

renal mesangium, without any clinical manifestation of IgAN (Varis et al, 1993; K. 

Suzuki et al, 2003). Interestingly, a kidney containing IgA deposits that is 

transplanted into a patient with a renal disease other than IgAN has the capacity 

to clear the deposited IgA (Sanfilippo, Croker and Bollinger, 1982; Sofue et al, 

2013). Deposits of IgA have also been shown to recur in up to 50% of IgAN 

patients that have been transplanted with a kidney showing no IgA deposition 

(Berger et al, 1975; Odum et al, 1994; Ponticelli and Glassock, 2010), and 

recurrence in transplanted tissue can potentially be predicted by factors including 

Gd-IgA1 and Gd-IgA1-specific autoantibody levels in serum (Berthelot et al, 

2015). 

 Several studies have also shown that both IgA and IgA containing immune 

complexes isolated from IgAN patients has a stronger stimulatory effect on 

mesangial cells in culture than that isolated form healthy subjects (Novak et al, 

2002; Novak et al, 2003; Novak et al, 2005; Novak et al, 2011). This together 

provides strong evidence that defects in IgA itself are fundamental to the 

pathogenesis of IgAN. However, in conjunction with this it has also been found 

that mesangial cells from IgAN patients are more susceptible to Gd-IgA1 than 

mesangial cells from healthy subjects, strengthening the idea of the multi-factorial 

nature of the disease (Ebefors et al, 2016). 
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1.3 – Hypothesis and aims of this work 

 The hypothesis for this project is that genetic variation can modulate O-

glycosylation of the IgA1 hinge region, the mechanism behind which can be 

altered during B cell development and can also be regulated by the action of 

cytokines and chemokines. Individually or together, these factors have the 

potential to be a major influence on the severity and risk of progression of IgAN. 

 The specific aims of this thesis are as follows: 

1. To determine and compare the levels of circulating Gd-IgA1 across 

different disease states and ethnicities and assess any genetic 

components therein. 

2. To investigate the genetic control of IgA1 O-glycosylation in circulating B 

cells at distinct development stages. 

3. To study the effect of cytokines and chemokines on IgA1 O-glycosylation 

in IgA1 producing B cells. 
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Chapter 2 – Methods and materials 

2.1 – Ethical approval 

 Ethical approval for blood collection from healthy subjects with no history 

of renal or systemic disease in the University of Leicester was granted by the 

University of Leicester Department of Infection, Immunity and Inflammation 

Ethics Committee (see Appendix I). 

2.2 – Blood sampling 

 Blood samples were collected from volunteers with informed consent by a 

trained phlebotomist. Blood was collected either into EDTA monovettes (Sarstedt 

01.1605), empty 15ml tubes or 15ml tubes with 10iU sterile heparin per ml of 

blood. Samples previously collected as part of GWASs were collected in 

accordance with the Declaration of Helsinki and approved by a UK multicentre 

research ethics committee (MREC) and local research ethics committees. 

2.3 – Genotyping 

 Genotyping of single nucleotide polymorphisms (SNPs) was performed 

using TaqMan SNP Genotyping Assays (Applied Biosystems 4351379) 

according to the manufacturer’s instructions. 

2.4 – Serum generation 

 After incubating at room temperature for 45 minutes, whole blood was 

centrifuged at 1000g for 10 minutes at room temperature. The serum was 

removed using a Pastette and stored at -20°C in aliquots of 500µl. 

2.5 – Enzyme-linked immunosorbent assay (ELISA) 

 2.5.1 – Helix aspersa (HA) lectin binding ELISA 

 Helix Aspersa agglutinin is a lectin which recognises terminal GalNAc 

which is O-linked to a polypeptide. Serum levels of Gd-IgA1 were measured 

using an in-house HA lectin binding ELISA-based method. Nunc Maxisorp 

polystyrene 96 well immunoplates were coated with mouse anti-human IgA α 

heavy chains (Dako A0260), diluted 1:1000 in 0.05M carbonate/bicarbonate 

coating buffer and incubated overnight at 4°C. The plates were washed four times 
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with 300µl wash buffer per well (PBS/0.3M NaCl/0.1% TWEEN20) using an 

automated plate washer, then excess protein-binding sites were blocked with 

100µl 2% bovine serum albumin (BSA) in PBS per well for 1 hour at room 

temperature. The plates were washed as above, samples and standards loaded 

in 50µl duplicates onto the plate and incubated at 4°C overnight. Serum samples 

were diluted 1:100 to ensure equal well saturation with IgA1 between samples 

(as confirmed by IgA1 ELISA, see section 2.5.3) in PBS before loading. Three 

standard serum samples of known high, medium and low HA lectin binding were 

included for plate to plate normalisation purposes. For culture supernatants 

where not enough IgA was present in the samples for well saturation, samples 

were loaded onto the plate undiluted; along with a standard curve constructed 

from a serial dilution of 50ng/ml degalactosylated and desialylated IgA1 

(Immuno-Biological Laboratories). The plates were washed again and 

desialylation of the captured IgA was performed by treating the plate with 5 units 

per well neuraminidase enzyme (New England Biolabs P0720) overnight at 37°C 

in sodium acetate buffer with 1% PenStrep (penicillin-streptomycin solution, 

100U/mL penicillin and 100μg/mL streptomycin). Replicate plates without 

neuraminidase treatment were carried out where necessary for comparison of 

desialylated and native measures of Gd-IgA1. The plates were washed again and 

sequential 90 minute incubations at room temperature of first biotinylated HA 

lectin (Sigma L8764), diluted 1:1000, then HRP-conjugated streptavidin (R&D 

DY998), diluted at 1:500, were performed; washing the plates between and after. 

The HRP was quantitated using 50µl OPD substrate (see Appendix VII) stopping 

the reaction once sufficient colour was evident with 75µl 1N sulphuric acid and 

the plate was read at 492nm. Results for serum samples were expressed Gd-

IgA1 levels (normalised mean OD 492nm) relative to each other with equal IgA1 

well saturation. Results for culture supernatants were first interpolated from the 

standard curve then divided by IgA concentration (µg/ml) (see section 2.5.2) and 

presented as Gd-IgA1/µg IgA. Intra- and inter-assay variations were less than 

10%. 

 Due to a shortage of HA lectin for use in the ELISA method of Gd-IgA1 

measurement, there has been a shift to another lectin from Vicia villosa (VV). 

This lectin directly replaces HA in the ELISA and has been used as such in 
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studies of IgAN, as it binds the same terminal O-linked GalNAc epitope (Tollefsen 

and Kornfeld, 1983). The Gd-IgA1 measurement made using VV lectin was found 

to correlate extremely strongly with the same measurement made with HA lectin 

in serum (Supplementary figure S2.1) 

 2.5.2 – IgA ELISA 

 Immunoplates were coated, washed and blocked as described in the HA 

lectin binding ELISA described previously. Serum samples were diluted 1:20,000 

and culture supernatants were undiluted. Samples were loaded along with a 

standard curve constructed by serial dilution of an international reference 

standard (NIBSC 67/086, containing IgG, IgA and IgM with previously determined 

IgA content) starting at 1µg/ml IgA and incubated at 4°C overnight. Detection was 

performed with HRP-conjugated mouse anti-human IgA α heavy chains (Dako 

P0216) diluted 1:2000 followed by incubation at room temperature for 90 

minutes. After a final wash, the plates were developed as described in the HA 

lectin binding ELISA method. IgA concentrations were interpolated from the 

standard curve and results presented as IgA concentration in µg/ml. 

 2.5.3 – IgA1 ELISA 

 Standard immunoplates were coated, washed and blocked as described 

in the HA lectin binding ELISA above. Serum samples were diluted 1:20,000 and 

loaded alongside a standard curve constructed by serial dilution of an 

international reference standard (NIBSC 67/086, containing IgG, IgA and IgM 

with previously determined IgA1 content) starting at 0.83µg/ml IgA1 and 

incubated at 4°C overnight. For confirmation of equal IgA1 well saturation in 

conjunction with the HA lectin binding ELISA (2.5.1), the same 1:100 diluted 

serum was applied and no standard curve was necessary. The plates were 

washed again, after which sheep anti-human IgA1 (Binding Site RK015) was 

applied, diluted 1:2000. The plates were then incubated at room temperature for 

90 minutes before a further wash. Detection was performed with peroxidase-

conjugated donkey anti-sheep/goat immunoglobulins (Binding Site AP360) 

diluted 1:2000 and incubated at room temperature for 90 minutes. After a final 

wash, the plates were developed and read in the same way as the HA lectin 

binding ELISA. IgA1 concentrations were interpolated from the standard curve 
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and results presented as IgA1 concentration in µg/ml. For confirmation of equal 

IgA1 well saturation in conjunction with the HA lectin binding ELISA, the OD 

readings were read and observed to be consistent in each well. 

 2.5.4 – C1GalT1 ELISA 

 To detect low levels of C1GalT1, an ELISA method was developed. 

Several experiments were performed with serially diluted purified recombinant 

C1GalT1 (Prospec ENZ-721) to optimise the dilution and combination of 

monoclonal and polyclonal C1GalT1 antibodies for capture and detection of 

C1GalT1 in cell lysates, and the following protocol was devised. Monoclonal 

mouse anti-human C1GalT1 (Santa Cruz sc-100745) was diluted 1:1000 in 

coating buffer and applied 100µl per well on standard immunoplates, after which 

the plates were stored overnight at 4°C. After the plates were washed and 

blocked with 2% BSA, 50µl of sample was added to the plate in duplicate; along 

with a standard curve constructed from serially diluted purified C1GalT1, the top 

standard being 5µg/ml. The plates were incubated at 4°C overnight and washed 

again before sequential 90 minute incubations of 50µl per well 1:1000 polyclonal 

rabbit anti-human C1GalT1 (Santa Cruz sc-98433) and 50µl per well 1:1000 

HRP-conjugated anti-rabbit immunoglobulins (Dako P0448) for detection. After a 

final wash, the plates were developed, read and the results processed in the 

same way as the above ELISA methods, with the results presented as C1GalT1 

concentration in ng/ml. 

2.6 – Isolation of B cell-enriched peripheral blood mononuclear cells 

 2.6.1 – RosetteSep B cell enrichment 

 RosetteSep Human B Cell Enrichment Cocktail (Stemcell Technologies 

15024) is a tetrameric antibody mix that binds non-B cells together, allowing 

pelleting of non-B cells upon centrifugation. To 40ml heparinised blood collected 

as in section 2.2, 200µl of the RosetteSep antibody mix were added, the blood 

divided into 10ml aliquots and gently mixed by rotation for 20 minutes. 

 2.6.2 – Density gradient centrifugation 

 Ten millilitres of rosetted blood were diluted 1:2 with HBSS (Gibco 

14170138) before carefully layering onto 15ml Histopaque-1077 (Sigma 10771) 
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pre-equilibrated to room temperature in sterile 50ml centrifuge tubes. The tubes 

were centrifuged at 1200g for 20 minutes at room temperature, without the 

centrifuge brakes. The interphase layer formed between the Histopaque and 

plasma, containing the B cell-enriched PBMCs, was aspirated with a pastette and 

transferred to a new 50ml centrifuge tube. The tubes were topped up to 20ml with 

sterile PBS and a 10µl sample assessed for cell numbers using a 

haemocytometer, before being centrifuged at 1000g for 5 minutes at room 

temperature. Cells were then resuspended in 20ml HBSS with 2% foetal calf 

serum for overnight storage at room temperature prior to staining. A sample of 

1ml of the cell suspension was removed to a 2ml tube, pelleted, lysed in 1ml 

TRIzol (Thermo 15596018) and stored at -20°C for later extraction of whole B 

cell RNA and protein. 

2.7 – Fluorescence activated cell sorting (FACS) 

 2.7.1 – Cell surface staining 

 All parts of the staining protocol were performed using sterile plasticware. 

The B cell enriched PBMCs were washed by centrifuging at 1000g, removing the 

supernatant and resuspending with 20ml sterile PBS, then centrifugation was 

repeated, the final supernatant removed, and cells resuspended in a set volume 

of sterile PBS depending on the number of FACS controls needed (200µl per 

control plus 3ml, see below). The cell suspension was split into the required 

number of 200µl aliquots for FACS controls and three 1ml aliquots for complete 

staining, in separate 2ml Eppendorf tubes. Pre-optimised volumes of 

fluorescently-conjugated antibodies (see Supplementary table S2.1 for working 

details of antibodies and working concentrations) and 0.5µl cell viability stain 

(SYTOX Red, Thermo S34859) were added to each relevant cell suspension and 

incubated on ice in the dark for 1 hour, with gentle mixing at regular intervals. 

Cells were washed twice and resuspended in 500µl sterile PBS before being 

transferred through a 50µm filter into 5ml polypropylene FACS tubes and stored 

on ice in the dark for transport to the flow cytometer for sorting. 

 2.7.2 – Intracellular staining 

 For intracellular staining, 40µl Protein Transport Inhibitor Cocktail 

(Brefeldin A and Monensin, eBiosciences 00-4980-93) was added to the cells in 



36 
 

overnight storage media (see section 2.6.2) to block extracellular transport of 

proteins. After the overnight storage, cells were surface stained as above. Cells 

were then fixed and permeabilised using BD Cytofix/Cytoperm Kit (BD 554714). 

First, cells were resuspended in 200µl Fixation/Permeabilisation solution and 

incubated on ice for 20 minutes. Cells were then washed twice in 200µl 

Perm/Wash buffer and resuspended in 200µl Perm/Wash buffer. Fluorescently-

conjugated antibodies were added in the same optimised volume as for surface 

staining and incubated on ice for 30 minutes in the dark. Cells were washed twice 

in Perm/Wash buffer then resuspended, transferred to FACS tubes and stored 

on ice in the dark for transport to the flow cytometer for sorting. 

 2.7.3 – FACS 

 All cell sorting was performed using a 5-laser BD FACS Aria II. Operation 

of the machine and analysis of the measurements was performed using 

FACSDiva software Version 6.1.3; overseen by the FACS operator. Controls for 

FACS included cells stained with a single marker and fluorescence minus one 

staining for accurate compensation (Maecker and Trotter, 2006). Dot-plot 

diagrams were used for analysis and to identify regions of positive and negative 

fluorescence, the results of which were then used to assign cell collection gates. 

Sorted cells were collected into 5ml polypropylene FACS tubes containing 500µl 

sterile PBS and kept on ice before RNA and protein isolation.  

2.8 – RNA and protein isolation 

 RNA, DNA and protein were isolated using several methods, all according 

to the manufacturer’s instructions. Firstly, using TRIzol (Invitrogen 15596018) for 

phase separation of RNA, DNA and protein. Secondly, using Qiagen’s AllPrep 

RNA/Protein column-based kit for isolation of RNA and native-form protein 

(Qiagen 80404). Thirdly, using Direct-zol RNA microprep columns for direct 

isolation of RNA from samples lysed in TRIzol (Zymo R2061), followed by 

acetone precipitation of the initial flow-through for protein extraction. All RNA was 

stored at -80ºC, protein from TRIzol or acetone precipitation at -20ºC and protein 

from AllPrep RNA/Protein kit at -80ºC. 
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2.9 – Gene expression analysis 

 2.9.1 – Quantitative real-time PCR (qPCR) 

  2.9.1.1 – Reverse transcription of RNA 

 cDNA synthesis was carried out using Promega’s ImProm-II Reverse 

Transcription System (Promega A3800). RNA was quantified using a NanoDrop 

spectrophotometer and up to 1µg in a total volume of 8.5µl with nuclease-free 

water was incubated with 0.5µl each of random and Oligo dT primers at 70°C 

then chilled at 4°C, both for 5 minutes before briefly centrifuging. A 10.5µl 

reaction mixture was prepared containing 4µl 25mM MgCl2, 4µl 5x reverse 

transcriptase buffer, 1µl deoxyribose nucleoside triphosphate (dNTP) mix, 0.5µl 

RNasin ribonuclease inhibitor and 1µl ImProm-II Reverse Transcriptase. The 

reaction mixture was added to the RNA-primer mixture and placed in a 

thermocycler with the following cycles of incubation: 25°C for 5 minutes, then 

42°C for 1 hour, then 70°C for 15 minutes and finally held at 4°C for at least 5 

minutes. The synthesised cDNA was stored at -20°C. 

  2.9.1.2 – Preamplification of cDNA 

 Preamplification of cDNA was performed using TaqMan PreAmp Master 

Mix (Applied Biosystems) according to the manufacturer’s instructions. Briefly, 

pooled TaqMan gene expression assays were diluted to a 0.2x concentration in 

1x TE buffer. Preamplification reactions were set up with 12.5µl PreAmp 

Mastermix, 6.25µl pooled assay mix and 6.25µl cDNA solution. Reactions were 

then run in a thermocycler for an initial 10 minute 95°C incubation followed by 14 

cycles of 95°C for 15 seconds and 60°C for 4 minutes. Reactions were then 

chilled on ice for 5 minutes before being diluted 1:20 with 1x TE buffer and stored 

at -20°C. 

  2.9.1.3 – qPCR 

 Gene expression analysis was carried out on an Applied Biosystems 

QuantStudio 6 Flex instrument using TaqMan gene expression assays (Applied 

Biosystems 4331182) on 96 well PCR plates. Each assay was carried out in 

duplicate; and for each reaction, 10µl TaqMan gene expression Master Mix was 

combined with 1µl TaqMan gene expression assay mix and either 7µl nuclease-
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free water and 2µl cDNA (see section 2.9.1.1) or 9µl preamplified cDNA (see 

section 2.9.1.2). The reactions were carried out with the following qPCR cycling 

conditions: 1 cycle of 50°C for 2 minutes and 95°C for 10 minutes, followed by 

45 cycles of 95°C for 15 seconds and 60°C for 1 minute. Human proteasome 

subunit 6 (PSMB6) (García-Vallejo et al, 2004) or the IgA1 heavy chain (IGHA1) 

were used as the endogenous reference genes (ERG) in the analysis, and data 

analysed by comparing normalised ΔCt values or by the 2-ΔΔCt method (Livak and 

Schmittgen, 2001). 

 2.9.2 – Allele-specific qPCR 

 Allele-specific qPCR was performed on cDNA using TaqMan SNP 

Genotyping Assays (Applied Biosystems 4351379) under normal qPCR gene 

expression conditions (2.9.1.3). These assays contain two allele-specific 

TaqMan probes with distinct fluorescent dyes and a PCR primer pair to detect 

specific SNP targets to allow SNP genotyping. Under gene expression 

conditions, these assays can be utilised to quantify the expression of each allele 

simultaneously. Results were analysed by looking for differences in the 

expression of each allele by comparing normalised ΔCt values. 

 2.9.3 – NanoString nCounter multiplex gene expression 

 NanoString nCounter XT Gene Expression assays (see Figure 2.1 for a 

schematic diagram of the principle behind the technology) were performed 

according to the manufacturer’s instructions. Briefly, 70µl of hybridisation buffer 

was added to the reporter codeset once thawed to form the Master Mix. RNA 

samples were diluted to 20ng/µl in RNase-free water, 5µl aliquots of which were 

then combined with 8µl of Master Mix and incubated at 65ºC for at least 16 hours 

and no more than 24 hours to hybridise the RNA to the reporter probes. 

Cartridges were then equilibrated to room temperature, sample volume brought 

to 30µl with RNase-free water and loaded into the cartridge. The cartridges were 

sealed and run in the NanoString nCounter Sprint Profiler instrument. Data were 

analysed using NanoString’s nSolver software, normalising the data to the 

internal housekeeping genes, positive and negative controls before pooling 

replicate data and assessing the fold change to control samples.   
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Figure 2.1: Principle of NanoString nCounter XT Gene Expression 

assays: NanoString nCounter technology allows multiplex analysis of up to 

800 targets (DNA, mRNA or protein) in a single sample using fluorescent 

“barcodes”. Targets are hybridised with specific capture and reporter probes 

before being immobilised and aligned on an nCounter cartridge in a 

NanoString nCounter instrument. Barcodes are then read, allowing multiplex 

quantification of RNA without enzymatic reactions or bias, more sensitivity 

than microarrays and similar in sensitivity to qPCR  (Gary et al, 2008). 
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2.10 – Protein analysis 

 2.10.1 – Protein quantification 

 Total protein was quantified either by Bio-Rad’s DC protein assay (Bio-

Rad 5000111) according to the manufacturer’s instructions or using a NanoDrop 

spectrophotometer. 

 2.10.2 – Western blotting 

 Protein samples isolated by any method from any experiment were diluted 

1:2 in standard reducing or non-reducing buffers (see Appendix IV). Under 

reducing conditions, samples were boiled for 5 minutes to denature tertiary 

structures and centrifuged briefly to remove condensation before loading onto 

SDS-polyacrylamide stacking and resolving gels (see Appendix IV). Under non-

reducing conditions, samples were loaded directly onto the gels without boiling. 

The gels were run at 200 volts for ~20 minutes. Transfer of the proteins from the 

gels to nitrocellulose membranes was performed at 100 volts for 1 hour with a 

cooling block. The membranes were then blocked for 1 hour with 5% BSA in 

TTBS, then were washed 3 times for 5 minutes with TTBS. Immunoblotting took 

place overnight at 4°C or 2 hours at room temperature. If the primary antibody 

was unconjugated, secondary detection antibodies were incubated for 2 hours at 

room temperature after 3 washes with TTBS for 5 minutes (see Supplementary 

table S2.2 for specific primary and secondary antibody concentrations). Three 10 

minute washes with TTBS were then performed, after which the membrane was 

developed with enhanced chemiluminescence (ECL) reagents (Thermo) for 5 

minutes. The membrane was then imaged using BioRad’s ChemiDoc Touch 

Imaging System and the image was processed and analysed using BioRad’s 

Image Lab software.  

2.11 – DAKIKI cell stimulation  

 The DAKIKI cell line (ATCC TIB206) is a surface IgA+ lymphoblast cell 

line immortalised by transformation with EBV. These non-adherent cells were 

grown in suspension in RPMI 1640 with 10% FBS and 1% PenStrep (100U/mL 

penicillin and 100μg/mL streptomycin) at 37°C with 5% CO2 and were maintained 

between 1x105 and 1x106 cells/ml. Stimulation experiments took place at 
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passages 6 to 12; the cells were seeded at 2x105 cells/ml media per well on 48 

or 24 well culture plates for 48 hours after the addition of cytokines. Cells and 

supernatants were removed together from the plates, centrifuged at 250g for five 

minutes and culture supernatants removed and stored at -20ºC. Cells were 

washed twice with sterile PBS and lysed with TRIzol, and RNA and protein 

isolated using Direct-zol columns and acetone precipitation respectively (section 

2.8). 

2.12 – Statistical analysis 

 Results are expressed as the mean ± the standard deviation of the mean 

(SD). Statistical analysis was performed using GraphPad Prism 7. Distribution of 

data was determined by the D’Agostino-Pearson omnibus normality test. 

Unpaired t-tests were performed for individual comparisons. One-way ANOVA 

with post-hoc Tukey tests were used for multiple group analysis, reporting 

multiplicity adjusted p values. Correlations between relevant data were made 

using the Pearson or Spearman methods depending on the distribution of the 

data. Results were considered statistically significant with a p value less than 

0.05. 
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Chapter 3 – Systematic analysis of aberrant IgA1 O-

glycosylation in IgAN 

3.1 – Introduction and aims 

 Aberrant IgA1 O-glycosylation, specifically hypogalactosylation at the 

IgA1 hinge region, is a key finding in IgAN (Coppo and Amore, 2004; Moldoveanu 

et al, 2007; Mestecky et al, 2008; Barratt, Smith and Feehally, 2012; Novak et al, 

2012). Thought to be the first of four pathogenic hits for the disease, it is referred 

to as galactose-deficient IgA1 (Gd-IgA1). This Gd-IgA1 forms immune complexes 

with IgA or IgG autoantibodies which can then be deposited in the renal 

mesangium, leading to renal injury. The presence of higher levels of Gd-IgA1 in 

IgAN is thought to be due to under-expression or low activity of the galactose-

adding enzyme C1GalT1 or its chaperone protein Cosmc decreasing the ability 

to add galactose, or due to high expression or activity of sialyltransferases 

preventing the addition of galactose by over-sialylation of terminal GalNAc 

(Raska et al, 2008; Smith et al, 2008; H. Suzuki et al, 2014).  

 The mechanism behind the synthesis of aberrant O-glycosylation at the 

IgA1 hinge region in IgAN is still largely not well understood, along with any 

genetic control that may be involved. Studies have identified higher levels of Gd-

IgA1 in serum from IgAN patients in a number of ethnicities, but no direct 

comparison between ethnicities has yet been made. The incidence of IgAN in 

Caucasian males is twice that of Caucasian females, a discrepancy that is not 

seen in populations of Asian ancestry (Barratt et al, 2012; Wyatt and Julian, 

2013). The ethnic differences seen in the prevalence and incidence between 

genders in IgAN suggests that genetic factors are very likely to have a 

contributory effect on the development of IgAN. This genetic influence may 

involve variability in the levels of Gd-IgA1. 

 Serum Gd-IgA1 levels have also been found to be stable over long periods 

of time. As part of an MSc project in our lab in 2011 (Cheshire, 2011), serum 

samples from healthy subjects and IgAN patients attending the University 

Hospitals of Leicester renal clinics collected at multiple times over 20 years were 

analysed for serum Gd-IgA1 levels. In serum from healthy subjects, the mean 

coefficient of variation (CV) of Gd-IgA1 levels between earliest and latest 
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collected was 11.8 across a mean time of 9.5 years. In IgAN patients, the CV 

was 17.6 across a mean of 6.5 years. There was also a significant correlation 

between Gd-IgA1 levels at the earliest and latest time points in both groups 

(Supplementary figure S3.1). This indicates that Gd-IgA1 levels are stable in 

serum over time, and therefore are potentially regulated by genetic factors. 

 The aim of the work in this chapter was to determine and compare the 

levels of circulating Gd-IgA1 across different disease states and ethnicities and 

assess any genetic components therein. To this end, this chapter was split into 

three smaller aims:  

1. To find out if genetic factors have an impact on levels of circulating Gd-

IgA1 in IgAN. This was performed by comparing serum Gd-IgA1 levels 

between Caucasian IgAN, a Caucasian disease control (membranous 

nephropathy, MN) and Chinese IgAN patients. This data was also used 

for linear regression with genome-wide association study (GWAS) data to 

identify single nucleotide polymorphisms (SNPs) that may be associated 

with levels of circulating Gd-IgA1 

2. To assess any relationship between Gd-IgA1 levels in circulation and the 

progression of renal injury in IgAN in Caucasian and Chinese IgAN, and 

whether this relationship was specific to IgAN by comparing to Caucasian 

membranous nephropathy (MN) patients. 

3. To investigate any differences in levels of circulating Gd-IgA1 between 

genders in the various groups studied, and subsequently whether this 

causes any differences in the progression of renal injury in IgAN. 

3.2 – Methods 

 The UK Glomerulonephritis DNA Bank (UKGDB) IgAN cohort was 

established in 2000. Participants of European ancestry were recruited through 

four UK centres (Glasgow, Leicester, London, and Oxford), selecting patients 

who were younger than 50 years of age at the time of diagnosis and older than 

18 years of age at the time of recruitment. Individuals with evidence of liver 

disease or IgAV were excluded. Diagnosis of IgAN was confirmed in all cases by 

direct review of renal biopsy histopathology reports and clinical case records. 

Where available, samples were also collected from the parents of affected 
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individuals to enable a study of family-based association. The UKGNDB IgAN 

cohort comprises 791 serum samples; which include 480 patients, 136 complete 

parent-child trios and 39 parent-child duos. Ten year follow-up data is now 

available on this cohort, and before any samples were analysed this follow-up 

data was used to define patients with non-progressive IgAN (<10% change in 

serum creatinine over a minimum of 10 years follow-up) and progressive IgAN 

(>100% increase in serum creatinine or ESRD during follow-up). Out of the 480 

patients in the cohort; 160 (33.3%) had developed progressive IgAN, 194 (40.4%) 

were non-progressors, 54 (11.25%) were indeterminate at 10 years’ follow-up 

and 72 (15%) had no follow-up data available. Clinical characteristics of these 

patients at the time of sample collection are shown in Table 3.1. No differences 

were seen in clinical characteristics between different ages of the patients. 

 The UKGDB also contains a cohort of patients with MN, another immune 

complex-mediated glomerulonephritis that has no IgA involvement. This cohort 

consists of serum from 353 MN-confirmed patients, to be used as a disease 

control. Data on the progression of MN in these patients was unavailable. Clinical 

characteristics of these patients at the time of sample collection are shown in 

Table 3.1. 

 The Caucasian healthy subject group were 519 serum samples from 

unrelated adults from the GRAPHIC (Genetic Regulation of Arterial Pressure of 

Humans in the Community) cohort from the Leicester Research Archive. In this 

group, all individuals had normal urinalysis and plasma urea and creatinine at 

time of recruitment, thus were suitable as healthy controls for this study. 

 Serum from a cohort of 1000 Chinese IgAN patients was obtained from 

the Nephrology Division at the First Affiliated Hospital of Sun Yat-Sen University, 

China; along with serum from a group of 110 healthy Chinese volunteers. Ten 

year follow-up data was not available for this Chinese IgAN cohort, so a similar 

definition of progressive and non-progressive IgAN to the Caucasian cohort could 

not be made. The stage of chronic kidney disease (CKD) of each patient at the 

time of sample collection was known in the Chinese cohort, and an analysis was 

performed based on this. Clinical characteristics of these patients at the time of 

sample collection are shown in Table 3.1. 
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 All serum samples were assessed for serum Gd-IgA1 levels using the HA 

lectin binding method described in 2.5.1 and statistical analysis performed as 

appropriate. Narrow sense heritability (h2) is defined as the proportion of trait 

variance that is due to genetic, and therefore inherited, factors rather than 

environmental factors. Heritability estimates can range between zero and one; 

with a value close to zero indicating trait variability is due to environmental factors 

with very little genetic influence, and a value close to one indicating almost all the 

trait variability is due to genetic differences. To estimate heritability of serum Gd-

IgA1 levels in the Caucasian IgAN cohort, only the results from the 136 parent-

child trios were utilised. First, the mean value for each set of both parents was 

determined (mid-parental value), after which all the data was standardised to the 

population mean and standard deviation using the formula z=(x-m)/s 

(z=standardised value, x=raw value, m=mean, s=standard deviation). Next, 

correlation of patients (y) with the corresponding mid-parental values (x) was 

performed on the standardised values, and the h2 value taken as the slope of the 

linear regression of this correlation. 

3.3 – Results 1 – Genetic control of Gd-IgA1 levels in circulation 

 3.3.1 – Serum Gd-IgA1 levels are a heritable trait in Caucasians 

 Using the serum samples from the 136 UKGNDB IgAN cohort with both 

parent samples available, an analysis of the narrow-sense heritability of serum 

Gd-IgA1 levels was performed (Figure 3.1). This resulted in a h2 value of 0.387, 

strongly indicating that genetic factors play a role in determining the serum levels 

of Gd-IgA1 in Caucasian IgAN. This is consistent with previously published 

studies (Gharavi et al, 2008; Kiryluk, Moldoveanu, John et al, 2011; Lomax-

Browne et al, 2016). 
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Figure 3.1: Heritability of Gd-IgA1 levels in Caucasian IgAN: Narrow-

sense heritability (h2) of serum Gd-IgA1 levels in 136 parent-child trios in the 

UKGNDB IgAN cohort estimated at 0.387, indicating that genetic factors play 

an important role in determining the serum levels of Gd-IgA1 in Caucasian 

IgAN. Data analysed by plotting standardised Gd-IgA1 data between patients 

and average parental and calculating the linear regression slope of the 

correlation. 
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 3.3.2 – Serum Gd-IgA1 levels are elevated in IgAN, but not in MN 

 Again consistent with the literature, the UKGNDB IgAN cohort displayed 

significantly higher serum Gd-IgA1 levels than healthy subjects (p<0.0001, 

Figure 3.2) (Coppo and Amore, 2004; Moldoveanu et al, 2007; Mestecky et al, 

2008; Barratt, Smith and Feehally, 2012; Novak et al, 2012). The levels of Gd-

IgA1 in serum from the UKGNDB IgAN cohort were also elevated compared to 

the UKGNDB MN cohort (p<0.0001; Figure 3.2), with the UKGNDB MN cohort 

showing no difference to Caucasian healthy subjects (MN vs HS data not shown). 

Serum Gd-IgA1 levels in Chinese IgAN patients were found to be elevated 

compared to Chinese healthy subjects, similar to that seen in Caucasians 

(p=0.0016; Figure 3.3). These data reinforce the IgAN-specificity of elevated 

serum Gd-IgA1 levels across Caucasian and Chinese populations. 

 3.3.3 – Chinese populations show reduced serum Gd-IgA1 levels 

compared to Caucasians 

 Upon direct comparison of serum Gd-IgA1 levels between the Caucasian 

and Chinese cohorts studied here (Figure 3.4), both Chinese IgAN patients and 

Chinese healthy subjects showed significantly lower levels of Gd-IgA1 in serum 

than their Caucasian counterparts (p<0.0001 for both). The Chinese IgAN 

patients also showed reduced levels of serum Gd-IgA1 compared to Caucasian 

healthy subjects (p<0.0001), highlighting an ethnic difference in serum Gd-IgA1 

levels in general; whilst elevated levels are still present in IgAN compared to 

healthy subjects regardless of ethnicity. This ethnic difference could potentially 

be due to environmental or dietary differences in the two populations. 
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Figure 3.2: Comparison of Gd-IgA1 levels in Caucasian IgAN, healthy 

subjects and MN: Significantly elevated serum levels of Gd-IgA1 seen in 

patients from the UKGNDB IgAN cohort compared to Caucasian healthy 

subjects from the GRAPHIC cohort and compared to Caucasian MN patients 

from the UKGNDB cohort as measured by HA lectin binding ELISA. Data 

from 480 IgAN patients, 519 healthy subjects and 353 MN patients. Graph 

shows mean ± SD. Data analysed by one-way ANOVA with post-hoc Tukey 

test. 
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Figure 3.3: Comparison of Gd-IgA1 levels in Chinese IgAN and healthy 

subjects: Significantly elevated levels of Gd-IgA1 seen in Chinese IgAN 

compared to Chinese healthy subjects as measured by HA lectin binding 

ELISA. Data from 1000 IgAN patients and 110 healthy subjects. Graph shows 

mean ± SD.  Data analysed by unpaired t-test. 
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Figure 3.4: Comparison of Caucasian and Chinese Gd-IgA1 levels: Both 

Chinese IgAN patients and healthy subjects show significantly lower levels of 

Gd-IgA1 in serum than their Caucasian counterparts as measured by HA 

lectin binding ELISA. Chinese IgAN patients also show significantly lower 

levels of Gd-IgA1 than Caucasian healthy subjects. Data from 480 Caucasian 

IgAN patients, 519 Caucasian healthy subjects, 1000 Chinese IgAN patients 

and 110 Chinese healthy subjects. Graph shows mean ± SD. Data analysed 

by one-way ANOVA with post-hoc Tukey test. 
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 3.3.4 – A haplotype of C1GALT1 shows strong association with 

higher levels of serum Gd-IgA1 

 The UKGNDB IgAN cohort, UKGNDB MN cohort, Caucasian healthy 

subjects, Chinese IgAN patients and Chinese healthy subjects all have genetic 

data available from previous genome-wide association studies (GWAS) (Tobin 

et al, 2005; Feehally et al, 2010; Stanescu et al, 2012). Standardised data on 

serum Gd-IgA1 levels was utilised in genome-wide linear regression analysis to 

identify genetic factors that could influence serum Gd-IgA1 levels. This analysis 

was performed by collaborators at University College London. 

 Using the Caucasian IgAN patient’s data as the discovery cohort, a 

significant association was found between higher Gd-IgA1 levels in serum and a 

single locus on Chromosome 7 spanning the C1GALT1 gene (Figure 3.5). This 

association with C1GALT1 was robust to correction for age, gender and renal 

function, and no other significant associations were seen elsewhere in the 

genome. Haplotype analysis of this association confirmed it was attributable to a 

single haplotype of C1GALT1, termed H1, which was found to have a frequency 

of 0.32 in the UK population (Figure 3.6). This finding was replicated in both the 

Caucasian MN patient and Caucasian healthy subject cohorts, despite these 

cohorts averaging significantly lower levels of serum Gd-IgA1 than the UKGNDB 

IgAN cohort. 

 In the Chinese IgAN patients and Chinese healthy subjects assessed for 

serum Gd-IgA1 levels here, the same haplotype of C1GALT1 identified in 

Caucasians was found to be present but rare in the Chinese population, with a 

frequency of 0.035 (Figure 3.7). However, whilst the haplotype is ten times less 

frequent in Chinese individuals than in Caucasians, it still showed a strong 

association with higher serum Gd-IgA1 levels. 

 As a confirmation of the association of the H1 haplotype of C1GALT1, 

serum levels of Gd-IgA1 in the combined Caucasian cohort and the combined 

Chinese cohort were stratified by the number of copies of the H1 haplotype 

present in each individual. Figure 3.8 shows that in both Caucasians and Chinese 

populations, serum Gd-IgA1 levels show a tendency to increase as copies of the 

H1 haplotype increase.  
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Figure 3.5: GWAS of Gd-IgA1 levels in Caucasian individuals: 

Association is shown between Gd-IgA1 levels in serum and a single locus on 

Chromosome 7 at C1GALT1 (β=0.26, p=2.353x1029). Manhattan plot (a) 

showing significance of the association with Gd-IgA1 level by plotting the 

negative logarithm to the base 10 of the p value against the genomic position. 

Horizontal line indicates conventional genome-wide significance (p=5x10-8). 

Quantile-quantile plot (b) is a plot of the observed -log10(p) against the -

log10(p) values that would be expected under the null hypothesis of no 

association. Deviation above the y=x line indicates lower p values than would 

be expected to occur by chance and implies statistically significant 

association. The genomic inflation factor was 1.00196. Results courtesy of 

D. Gale (Gale et al, 2017). 
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Figure 3.6: Depiction of the H1 haplotype of C1GALT1 in Caucasian 

individuals: Alleles of neighbouring SNPs along a chromosome tend to be 

inherited together in haplotype blocks. The blocks occurring across the 

C1GALT1 locus (position of the gene is shown at the top of the figure) in the 

Caucasian population are shown. The three blocks that span the gene and 

its upstream region are almost always inherited together as an extended 

haplotype. The box indicates the ‘H1’ haplotype occurs at a frequency of >0.3 

in the Caucasian population. SNP IDs of the H1 haplotype are indicated 

vertically at the top. Inverted triangles show the SNPs that tag the H1 

haplotype. Results courtesy of D. Gale (Gale et al, 2017) 
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Figure 3.7: Depiction of the H1 haplotype of C1GALT1 in Chinese 

individuals: Alleles of neighbouring SNPs along a chromosome tend to be 

inherited together in haplotype blocks. The blocks occurring across the 

C1GALT1 locus (position of the gene is shown at the top of the figure) in the 

Chinese population are shown. The three blocks that span the gene and its 

upstream region are almost always inherited together as an extended 

haplotype. The H1 haplotype (boxed) is present but at substantially lower 

frequency than in Caucasians. SNP IDs of the H1 haplotype are indicated 

vertically at the top. SNPs tagging the H1 haplotype are marked with inverted 

triangles. Results courtesy of D. Gale (Gale et al, 2017). 
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3.4 – Results 2 – Relationship of Gd-IgA1 levels in circulation with renal 

function and the progression of IgAN 

 3.4.1 – Higher serum Gd-IgA1 levels in Caucasian IgAN are 

associated with worse renal function, but not in MN 

 To assess any association between serum Gd-IgA1 levels in IgAN with 

renal function, first the data from the UKGNDB IgAN cohort was correlated with 

the estimated glomerular filtration rate (eGFR) at the time serum was collected. 

A significant negative correlation between the levels of serum Gd-IgA1 and 

eGFR, indicating that those in the UKGNDB IgAN cohort with worse renal 

function have higher levels of Gd-IgA1 in serum (r=-0.1361, p=0.0262; Figure 

3.9). When the same analysis was made with serum Gd-IgA1 levels and eGFR 

in the UKGNDB MN cohort, no significant correlation was seen (Figure 3.10). 

However; as the trend lines are similarly downward, this difference could be due 

to the lower numbers of MN patients providing less statistical power. 

 3.4.2 – Caucasian progressive IgAN patients show higher serum Gd-

IgA1 levels than non-progressive 

 As the data was available from ten years’ follow-up in the Caucasian IgAN 

cohort, an analysis of serum Gd-IgA1 levels was performed based on whether 

the patients were defined as having progressive or non-progressive forms of 

IgAN (a doubling of serum creatinine or ESRD over ten years for progressive 

IgAN, and a less than 10% change in serum creatinine for non-progressive IgAN) 

(Figure 3.11). Caucasian patients with progressive or non-progressive IgAN both 

were found to have elevated serum Gd-IgA1 levels compared to those from 

Caucasian healthy subjects (p<0.0001 for progressive IgAN, p=0.0003 for non-

progressive). The patients with progressive IgAN also showed significantly higher 

levels of serum Gd-IgA1 than non-progressive IgAN patients (p=0.0002). This, 

together with the apparent IgAN-specific correlation with eGFR, reinforces the 

idea of increased Gd-IgA1 levels in serum being specific and important to the 

pathogenesis of IgAN. 
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Figure 3.9: Correlation of Gd-IgA1 levels and eGFR in Caucasian IgAN: 

Negative correlation seen between serum Gd-IgA1 levels as measured by 

HA lectin binding ELISA and eGFR in 480 patients from the UKGNDB IgAN 

cohort. Data was correlated using the Pearson method; r=-0.1361, p=0.0262. 
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Figure 3.10: Correlation of Gd-IgA1 levels and eGFR in Caucasian MN: 

No significant correlation seen between serum Gd-IgA1 levels as measured 

by HA lectin binding ELISA and eGFR in 353 patients from the UKGNDB MN 

cohort. Data was correlated using the Pearson method; r=-0.1116, p=0.1485. 
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Figure 3.11: Comparison of Gd-IgA1 levels in Caucasian progressive 

and non-progressive IgAN and Caucasian healthy subjects: Both 

progressive and non-progressive IgAN patients from the UKGNDB IgAN 

cohort (160 and 194 patients respectively) show significantly elevated serum 

Gd-IgA1 levels compared to 519 Caucasian healthy subjects from the 

GRAPHIC cohort as measured by HA lectin binding ELISA. Gd-IgA1 levels 

in progressive IgAN are also significantly elevated over non-progressive. 

Graph shows mean ± SD. Patients whose progression status was 

indeterminate or lacked follow-up data were excluded (126 patients). Data 

analysed by one-way ANOVA with post-hoc Tukey test. 
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 3.4.3 – Higher serum Gd-IgA1 levels in Chinese IgAN are associated 

with worse renal function 

 The same correlation analysis made in the UKGNDB IgAN cohort between 

serum Gd-IgA1 levels and eGFR at the time of serum collection was made in 

Chinese IgAN patients. This demonstrated a significant negative correlation, 

indicating that Chinese IgAN patients with worse renal function have higher levels 

of Gd-IgA1 in serum (r=-0.2189, p<0.0001; Figure 3.12). This correlation was 

found to be stronger than that seen in Caucasian IgAN, despite the lower overall 

levels of serum Gd-IgA1 seen in the Chinese cohort and shows a further ethnic 

difference in IgAN. However, this effect could simply be due to the Chinese cohort 

being more powered to show this association, having more than twice as many 

patients as the Caucasian cohort. 

 3.4.4 – Chinese IgAN at CKD stages 4 and 5 show elevated serum Gd-

IgA1 levels 

 Unfortunately, data from ten years follow-up was not available for the 

Chinese IgAN cohort, so a similar stratification of progressive and non-

progressive IgAN could not be made. However, the stage of chronic kidney 

disease (CKD stage) of each patient at the time of serum collection was known, 

so an analysis was made based on this (Figure 3.13). Only those Chinese IgAN 

patients with advanced kidney damage or ESRD (those at CKD stages 4 and 5 

respectively) showed elevated serum Gd-IgA1 levels compared to Chinese 

healthy subjects (p<0.0001 for both). Interestingly, the Chinese IgAN patients at 

CKD stages 4 and 5 both also showed significantly higher serum Gd-IgA1 levels 

than at any other CKD stage (p<0.001 for all).  
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Figure 3.12: Correlation of Gd-IgA1 levels and eGFR levels in Chinese 

IgAN: Negative correlation seen between serum Gd-IgA1 levels as measured 

by HA lectin binding ELISA and eGFR in 1000 Chinese IgAN patients. Data 

was correlated using the Pearson method; r=-0.2189, p<0.0001. 
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Figure 3.13: Comparison of Gd-IgA1 levels in Chinese IgAN split by CKD 

stage and Chinese healthy subjects: Chinese IgAN patients at CKD stages 

1-3 show no significant difference in serum Gd-IgA1 levels compared to 

Chinese healthy subjects as measured by HA lectin binding ELISA. Those 

patients at CKD stages 4 and 5 show significant elevation in serum Gd-IgA1 

levels compared to Chinese healthy subjects (p<0.0001 for both). Graph 

shows mean ± SD. Data analysed by one-way ANOVA with post-hoc Tukey 

test. 
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3.5 – Results 3 – Gender differences in circulating Gd-IgA1 levels in IgAN 

 3.5.1 – Serum Gd-IgA1 levels are greatly more heritable in females 

than in males 

 To assess differences in the heritability of serum Gd-IgA1 levels in the 

UKGNDB IgAN cohort based on gender, the data was standardised separately 

for male and female IgAN patients with their mid-parental values and the 

standardised data correlated as in 3.3.2 to determine narrow-sense heritability 

(Figure 3.14). This data showed that serum Gd-IgA1 levels are greatly more 

heritable in females than in males, with a h2 value of 0.831 for females and 0.036 

for males. This difference is striking; however, with data for only 62 male and 39 

female patients in the UKGNDB IgAN cohort with data from both parents, this 

analysis lacks power. 

 3.5.2 – Gender differences in serum Gd-IgA1 levels in Caucasian 

IgAN 

 When data on serum Gd-IgA1 levels from the Caucasian IgAN cohort was 

split by gender; overall, females showed slightly higher levels than males; but 

without statistical significance (Figure 3.15). However, greater gender differences 

became apparent when looking at the relationship to worsening renal function in 

IgAN (see below). Sex data was not available for the Caucasian healthy subjects, 

and no difference was seen in Gd-IgA1 levels between sexes in the Caucasian 

MN cohort. 

 3.5.3 – Higher serum Gd-IgA1 levels in Caucasian IgAN are 

associated with worse renal function in females, but not in males 

 Analysing the relationship between serum Gd-IgA1 levels and renal 

function as measured by eGFR showed a significant negative correlation only in 

female IgAN patients (r=-0.2604, p=0.0108), with no significant correlation 

evident in male IgAN patients (Figure 3.16). This could indicate differences in the 

pathogenicity of Gd-IgA1 between genders in Caucasian IgAN; potentially being 

more so in Caucasian females. However; as the same downward trend is evident 

in males to a lesser extent than females, this could also be due to the larger 

scatter of the male data causing it to fall short of statistical significance.  
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Figure 3.14: Heritability of Gd-IgA1 levels in male and female Caucasian 

IgAN: Differences are seen in the heritability of serum Gd-IgA1 levels in the 

UKGNDB IgAN cohort when split by sex as measured by HA lectin binding 

ELISA; greatly more heritable in females than males: (a) Male h2=0.036 in 62 

parent-child trios; (b) Female h2=0.831 in 39 parent-child trios. Sex data was 

not available for 35 patients. Data was correlated using the Pearson method. 
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Figure 3.15: Comparison of Gd-IgA1 levels in male and female 

Caucasian IgAN: No significant difference was seen in serum Gd-IgA1 levels 

between sexes in patients from the UKGNDB IgAN cohort as measured by 

HA lectin binding ELISA. Graph shows mean ± SD. Data analysed by 

unpaired t-test. 
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Figure 3.16: Correlations of Gd-IgA1 levels and eGFR in Caucasian male 

and female IgAN: Negative correlation seen between serum Gd-IgA1 levels 

as measured by HA lectin binding ELISA and eGFR in female patients from 

the UKGNDB IgAN cohort (r=-0.2604, p=0.0108). No significant correlation 

between Gd-IgA1 levels and eGFR in male patients was observed (r=-0.1013, 

p=0.2111. (a) Male; (b) Female. Data was correlated using the Pearson 

method. 
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 3.5.4 – Caucasian females with progressive IgAN have higher serum 

Gd-IgA1 levels than male progressors 

 In both male and female IgAN patients, the differences in those defined as 

having progressive and non-progressive IgAN compared to healthy subjects 

were the same as in the cohort overall (both significantly elevated compared to 

healthy subjects and progressive IgAN was higher than non-progressive; Figures 

3.17 & 3.18). When directly comparing serum Gd-IgA1 levels between male and 

female Caucasian patients with progressive and non-progressive IgAN (Figure 

3.19), no gender difference was seen in non-progressors. However, female 

progressors displayed significantly higher levels than male progressors 

(p=0.0323), potentially strengthening the idea of pathogenic differences in Gd-

IgA1 between genders in Caucasian IgAN. 

 3.5.5 – Gender differences in serum Gd-IgA1 levels in Chinese IgAN 

 In the Chinese IgAN cohort, females displayed significantly elevated 

serum Gd-IgA1 compared to males (p=0.0004; Figure 3.20); a greater difference 

than that seen in the Caucasian cohort. Data on sex in the Chinese healthy 

subjects cohort was not available. 

 3.5.6 – Higher serum Gd-IgA1 levels in Chinese IgAN are associated 

with worse renal function in both males and females 

 A further ethnic difference was identified when looking at gender 

differences in the association of serum Gd-IgA1 levels and renal function (Figure 

3.21). Unlike the Caucasian IgAN cohort, significant negative correlations were 

seen between serum Gd-IgA1 levels and eGFR in both male and female Chinese 

IgAN patients. It was also found that the correlation in male Chinese IgAN 

patients is stronger than that in females (r=-0.3051 in males, r=-0.1676 in 

females); potentially meaning, in opposition to Caucasians, that Gd-IgA1 is more 

pathogenic in IgAN in Chinese males than females. However; a larger cohort of 

Caucasian IgAN patients with sex data available would be needed to discount 

the ethnic gender differences simply being an effect of the larger Chinese cohort. 
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Figure 3.17: Comparison of Gd-IgA1 levels in male Caucasian 

progressive and non-progressive IgAN and Caucasian healthy 

subjects: Both progressive and non-progressive male IgAN patients from the 

UKGNDB IgAN cohort (124 and 108 patients respectively) show significantly 

elevated serum Gd-IgA1 levels compared to 519 Caucasian healthy subjects 

from the GRAPHIC cohort as measured by HA lectin binding ELISA. Gd-IgA1 

levels in progressive male IgAN patients are also significantly elevated over 

non-progressive. Data on sex of the Caucasian healthy subjects was not 

available. Graph shows mean ± SD. Data analysed by one-way ANOVA with 

post-hoc Tukey test. 
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Figure 3.18: Comparison of Gd-IgA1 levels in female Caucasian 

progressive and non-progressive IgAN and Caucasian healthy 

subjects: Both progressive and non-progressive female IgAN patients from 

the UKGNDB IgAN cohort (33 and 81 patients respectively) show significantly 

elevated serum Gd-IgA1 levels compared to 519 Caucasian healthy subjects 

from the GRAPHIC cohort as measured by HA lectin binding ELISA. Gd-IgA1 

levels in progressive female IgAN patients are also significantly elevated over 

non-progressive. Data on sex of the Caucasian healthy subjects was not 

available. Graph shows mean ± SD. Data analysed by one-way ANOVA with 

post-hoc Tukey test. 
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Figure 3.19: Comparison of Gd-IgA1 levels in Caucasian male and 

female, progressive and non-progressive IgAN: In the UKGNDB cohort, 

Caucasian female progressive IgAN patients show significantly elevated 

serum Gd-IgA1 levels compared to male progressive IgAN patients as 

measured by HA lectin binding ELISA. No significant difference in serum Gd-

IgA1 levels was seen between male and female non-progressive IgAN 

patients from the same cohort. Graph shows mean ± SD. Data analysed by 

unpaired t-tests between sexes at each progression stage. 
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Figure 3.20: Comparison of Gd-IgA1 levels in male and female Chinese 

IgAN: Chinese female IgAN patients show significantly elevated serum Gd-

IgA1 levels compared to male patients as measured by HA lectin binding 

ELISA. Graph shows mean ± SD. Data analysed by unpaired t-test. 
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Figure 3.21: Correlations of Gd-IgA1 levels and eGFR in Chinese male 

and female IgAN:  Negative correlation seen between Gd-IgA1 levels as 

measured by HA lectin binding ELISA and eGFR in both male and female 

patients from the Chinese IgAN cohort (a) Male, r=-0.3051, p<0.0001; (b) 

Female, r=-0.1676, p=0.0004. Data was correlated using the Pearson 

method. 
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 3.5.7 – Chinese female IgAN patients have higher serum Gd-IgA1 

levels than males at any CKD stage 

 As with the Chinese IgAN cohort overall, both male and female Chinese 

IgAN patients at CKD stages 4 and 5 showed elevated serum Gd-IgA1 levels 

compared to Chinese healthy subjects and CKD stages 1, 2 and 3 (Figures 3.22 

& 3.23). When comparing serum Gd-IgA1 levels between Chinese male and 

female IgAN patients at each CKD stage, at stages 1 and 2 females displayed 

significantly higher levels compared to males (Figure 3.24). This difference is still 

visible at CKD stages 3 and 4 but does not reach statistical significance, and no 

gender difference at CKD stage 5 is apparent.  
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Figure 3.22: Comparison of Gd-IgA1 levels in male Chinese IgAN split 

by CKD stage and Chinese healthy subjects: Male Chinese IgAN patients 

at CKD stages 1-3 show no significant difference in serum Gd-IgA1 levels 

compared to Chinese healthy subjects as measured by HA lectin binding 

ELISA. Those male patients at CKD stages 4 and 5 show significant elevation 

in serum Gd-IgA1 levels compared to Chinese healthy subjects (p=0.0033 for 

CKD 4 and p<0.0001 for CKD 5). Data on sex of the Chinese healthy subjects 

was not available. Graph shows mean ± SD. Data analysed by one-way 

ANOVA with post-hoc Tukey test. 
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Figure 3.23: Comparison of Gd-IgA1 levels in female Chinese IgAN split 

by CKD stage and Chinese healthy subjects: Female Chinese IgAN 

patients at CKD stages 1-3 show no significant difference in serum Gd-IgA1 

levels compared to Chinese healthy subjects as measured by HA lectin 

binding ELISA. Those female patients at CKD stages 4 and 5 show significant 

elevation in serum Gd-IgA1 levels compared to Chinese healthy subjects 

(p<0.0001 for both). Data on sex of the Chinese healthy subjects was not 

available. Graph shows mean ± SD. Data analysed by one-way ANOVA with 

post-hoc Tukey test. 
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Figure 3.24: Comparison of Gd-IgA1 levels between male and female 

Chinese IgAN split by CKD stage: At CKD stages 1 and 2, female Chinese 

IgAN patients show significantly elevated serum Gd-IgA1 levels compared to 

male Chinese IgAN patients as measure by HA lectin binding ELISA. Graph 

shows mean ± SD. Data analysed by unpaired t-tests between sexes at each 

CKS stage. 
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3.6 – Discussion 

 The work in this chapter has shown, firstly, that serum Gd-IgA1 levels 

remain stable over time; which does indicate that they are regulated by genetic 

factors rather than any environmental factors. Consistent with previous studies, 

serum levels of Gd-IgA1 were found to be heritable in the Caucasian IgAN 

population studied here (Gharavi et al, 2008; Hastings et al, 2010; Kiryluk, 

Moldoveanu, John et al, 2011; Lomax-Browne et al, 2016), which again implies 

the impact of genetic factors. 

 As has also been shown in previous studies, serum Gd-IgA1 levels were 

elevated in IgAN in both Caucasian and Chinese populations (Coppo and Amore, 

2004; Moldoveanu et al, 2007; Mestecky et al, 2008; Barratt, Smith and Feehally, 

2012; Novak et al, 2012); and were also found to be IgAN-specific in Caucasians 

as raised serum Gd-IgA1 levels were not found in MN, a similar immune complex-

mediated glomerulonephritis that has no IgA involvement. A surprising finding, 

however, was the lower levels of serum Gd-IgA1 in Chinese subjects compared 

to Caucasians; in both health and IgAN. All measurement of serum Gd-IgA1 was 

performed under the same conditions, with the same standards run on every 

plate for normalisation purposes. This is the first time such a comparison has 

been made, and it indicates that the increased prevalence of IgAN in China 

cannot be attributed to differences in the serum levels of Gd-IgA1, suggesting 

differences in the pathogenic pathways in different ethnicities. 

 In both the Caucasian and Chinese populations studied here, a haplotype 

spanning the C1GALT1 gene was found to be associated with serum Gd-IgA1 

levels; named the H1 haplotype and accounting for around 3% of the variability 

in serum Gd-IgA1 levels. C1GALT1 encodes the enzyme core 1 synthase, 

glycoprotein-N-acetylgalactosamine 3-beta-galactosyltransferase 1 (C1GalT1), 

which catalyses the transfer of galactose from UDP-Gal to O-linked GalNAc 

residues such as those found at the IgA1 hinge region. C1GalT1 also requires a 

molecular chaperone protein, Cosmc, for correct folding and activation which is 

encoded by the X-linked gene C1GALT1C1. A possible association between 

serum Gd-IgA1 levels and variation at C1GALT1C1 was also observed here, 

although this was not statistically significant at the genome-wide level. A 
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separate, similar study identified associations with Gd-IgA1 levels at two loci with 

genome-wide significance; one at C1GALT1 and another at C1GALT1C1 (Kiryluk 

et al, 2017).  The pathological importance of the H1 haplotype of C1GALT1 in 

IgAN requires further study, as a much larger cohort would be required to be 

powered enough to find any association of H1 with IgAN. 

 It has been shown previously that unlike in IgA1, IgD shows no aberrancy 

in O-galactosylation of its hinge region (Smith, De Wolff et al, 2006). This implies 

that the reduction in O-galactosylation in IgAN is a specific feature of IgA1 and 

therefore IgA1 producing cells; which in turn suggests that the H1 haplotype of 

C1GALT1 identified here leads to elevated levels of serum Gd-IgA1 through 

altered maturation-dependent transcriptional regulation, rather than through 

differences in the protein structure of C1GalT1. The idea of transcriptional control 

of C1GALT1 affected by the H1 haplotype is strengthened by in silico analyses. 

Firstly, imputation of the H1 haplotype using 1000 Genomes data indicated that 

there were no common coding variants that were over- or under-represented on 

the H1 haplotype compared with other common haplotypes. Data linking genetic 

variation with gene expression in lymphoblastoid cell lines has shown that SNPs 

found on the H1 haplotype of C1GALT1 are associated with reduced transcription 

of C1GALT1 (Yu, Pal and Moult, 2016). Other in silico analysis has shown that 

some SNPs of the H1 haplotype are predicted to lie within transcription factor 

binding elements; one at a predicted SOX2-OCT4 site (J. Wang et al, 2012) and 

another within the promotor region of C1GALT1 and predicted to affect binding 

of RUNX3. RUNX3 is a transcription factor in B cells that is involved in class 

switching to IgA production (Watanabe et al, 2010). 

 Again consistent with previously published data (Zhao et al, 2012), higher 

serum Gd-IgA1 levels were found to be associated with declining renal function; 

showing a negative correlation with eGFR in both Caucasian and Chinese IgAN. 

This was also found to be specific to IgAN, as no significant correlation of eGFR 

and serum Gd-IgA1 levels was seen in MN. The association was strengthened 

by the observation of higher levels of serum Gd-IgA1 in progressive IgAN in 

Caucasians, and in those at CKD stages 4 and 5 in Chinese IgAN. The possibility 

of uraemic toxins inhibiting glycosylation of IgA1 accounting for the association 

of worsening renal function and higher Gd-IgA1 levels has yet to be explored; 
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however, the specificity of raised Gd-IgA1 levels to IgAN, the lack of significant 

correlation of Gd-IgA1 levels and eGFR in MN and the stability of Gd-IgA1 levels 

over long periods of time in both IgAN and health would seem to discount this 

possibility. 

 The incidence of IgAN in Caucasians is twice as high in males as in 

females, while in the Chinese population there is no difference in the incidence 

between genders (Barratt et al, 2012; Wyatt and Julian, 2013). The work in this 

project is the first to assess gender differences in serum Gd-IgA1 levels. 

 In Caucasians it was discovered that serum Gd-IgA1 levels are greatly 

more heritable in IgAN in females than in males (h2 value of 0.831 for females 

and 0.036 for males). The numbers of samples here were quite low, making this 

underpowered to be conclusive; however, the gender difference in Gd-IgA1 

levels is worth further investigation as a large study in Swedish twins identified a 

similar gender differential in the heritability of total IgA levels (61% in females and 

21% in males) (Viktorin et al, 2014). 

 While no data was available on the sex of the healthy subjects assessed 

here, previous work in this lab on a separate cohort of healthy subjects showed 

no difference in Gd-IgA1 levels between males and females; highlighting the 

association of Gd-IgA1 and IgAN. In this project, female Caucasian IgAN patients 

showed slightly higher serum Gd-IgA1 levels than male Caucasian IgAN patients, 

and only became significant in progressive IgAN. A much greater elevation in 

females compared to males was seen in Chinese IgAN, and this was reflected in 

each stage of CKD. A correlation of serum Gd-IgA1 levels with eGFR was seen 

in female Caucasian IgAN patients and was not seen in male Caucasian IgAN 

patients, indicating differences in the pathogenicity of Gd-IgA1 between genders 

in Caucasian IgAN; potentially being more so in Caucasian females. Interestingly, 

this was found to be opposite in Chinese IgAN patients; the correlation of serum 

Gd-IgA1 levels with eGFR in male Chinese IgAN patients was stronger than that 

in females. However; the sex differences could potentially just be more evident 

in the Chinese IgAN cohort due to it having more than double the number of 

patients. A potential reason for the gender discrepancies seen in serum Gd-IgA1 

levels in this project could involve the X-linked gene C1GALT1C1, encoding the 
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C1GalT1 chaperone protein Cosmc; however, this is speculative without further 

research in larger cohorts. 

 To summarise, the work in this chapter has observed for the first time 

significant ethnic and gender differences in serum levels of Gd-IgA1 in IgAN. A 

haplotype of C1GALT1 was also identified as being strongly associated with 

higher serum levels of Gd-IgA1. 
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Chapter 4 – Expression of glycosylation enzymes in IgA and 

IgD producing cells 

4.1 – Introduction and aims 

 The O-glycan structures at the IgA1 hinge region are of the core 1 type, 

which are based on N-acetylgalactosamine (GalNAc) O-linked to serine or 

threonine residues. This can occur alone or can be further modified by the 

addition of galactose and N-acetylneuraminic acid (sialic acid). Core 1 O-glycans 

are formed in the Golgi apparatus, the initial addition of GalNAc being catalysed 

by the enzyme polypeptide N-acetylgalactosaminyltransferase 2 (GalNT2) 

(Iwasaki et al, 2003b). Galactose can then be added to the GalNAc residues by 

the enzyme core 1 synthase, glycoprotein-N-acetylgalactosamine 3-beta-

galactosyltransferase 1 (C1GalT1) (T. Ju et al, 2002). Co-expression of a 

molecular chaperone protein, Cosmc, is required for correct folding and activation 

of newly synthesised C1GalT1, otherwise the inactive C1GalT1 is signalled for 

degradation (T. Z. Ju and Cummings, 2002; Y. Wang et al, 2010). Sialic acid can 

be added to either or both of the GalNAc and galactose residues on the core 1 

structure; catalysed by the enzyme N-acetylgalactosaminide-α-2,6-

sialyltransferase (ST6GalNAc) for an α2,6 linkage of sialic acid to GalNAc and 

by a β-galactoside-α-2,3-sialyltransferase (ST3Gal) for an α2,3 linkage to 

galactose (Harduin-Lepers et al, 2001). 

 In IgAN, the increased serum levels of IgA1 hypogalactosylated at the 

hinge region (Gd-IgA1) compared to serum from healthy subjects has been the 

subject of much research. It is thought to due to under-expression or low activity 

of C1GalT1 or Cosmc decreasing the ability to add galactose, or due to high 

expression or activity of sialyltransferases blocking the addition of galactose by 

over-sialylation of terminal GalNAc, specifically ST6GalNAcII (Allen et al, 1997; 

Qin et al, 2005; Buck et al, 2008; Raska et al, 2008; Smith et al, 2008). However, 

despite much research the exact mechanisms causing the abnormality in IgAN 

have yet to be fully elucidated. 

 The hypogalactosylation of the core 1 O-glycan structure has also been 

found to be specific to the IgA1 hinge region. IgD is the only other immunoglobulin 

that can be O-glycosylated at its hinge region in a similar fashion to IgA1, but no 
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differences have been observed in IgD O-glycosylation between IgAN patients 

and healthy subjects (Smith, De Wolff et al, 2006). It can be inferred from this 

that that any defect in IgAN that causes reduced galactosylation of the IgA1 hinge 

region is not a generic feature of B cells in IgAN, but rather a defect in an 

upstream regulatory pathway as they class switch from naïve B cells to IgA1 

producing B cells. This could also mean that the H1 haplotype of C1GALT1 

described in Chapter 3 is differentially regulated in different B cell subtypes. 

 The aim of the work in this chapter was to investigate the genetic control 

of IgA1 O-glycosylation in circulating B cells at distinct development stages; 

namely naïve B cells (IgD+) and B cells that are class switched to IgA. This was 

performed broadly, looking at gene expression of the enzymes involved in O-

glycosylation of the IgA1 hinge region, and also with a specific focus on what 

effect the H1 haplotype of the galactosyltransferase enzyme C1GALT1 has on 

the expression of C1GALT1 in these cell types. 

4.2 – Methods 

 A total of fifty healthy volunteers were selected from the University of 

Leicester. A 5ml blood sample was taken for serum generation as in 2.4 and 

measurement of IgA, IgA1 and Gd-IgA1 levels (sections 2.5.1, 2.5.2 & 2.5.3). The 

cell pellet left over from serum generation was used for DNA isolation and 

genotyping of the H1 haplotype of C1GALT1 (section 2.3) using the SNPs 

described in Table 4.1.  
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SNP ID Alleles H1 haplotype

rs4720724 [A/G] G

rs758263 [G/T] T

rs426366 [C/T] C

rs10259085 [C/T] C

rs1008897 [A/G] G

rs2190935 [C/T] C

Table 4.1: SNPs tagging the H1 haplotype of C1GALT1: Table shows six 

SNPs of the H1 haplotype spanning the C1GALT1 gene. These six SNPs are 

inherited together with the extended haplotype and are used to tag the H1 

haplotype. Volunteers were genotyped for these six SNPs to identify whether 

they were homozygous for the H1 haplotype, heterozygous or homozygous 

negative. 
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 Volunteers selected for analysis of the O-glycosylation mechanism in 

naïve B cells and B cells class switched to IgA had a further 40ml blood sample 

taken; these subjects consisted of three homozygotes for the H1 haplotype, three 

heterozygotes and three that were homozygous negative for H1. B cell-enriched 

peripheral blood mononuclear cells (PBMCs) were isolated from this larger blood 

sample (section 2.6) and stained for fluorescence-activated cell sorting (FACS) 

of surface IgA+ and surface IgD+ B cells (section 2.7). Cell surface markers used 

were CD19 as the marker of B cell lineage, along with IgA and IgD to collect 

surface IgA+ and surface IgD+ B cells; and the fluorescently conjugated 

antibodies used were anti-CD19 Alexa Fluor 700, anti-IgA PE  and anti-IgD FITC 

respectively. Concentrations of the fluorescently conjugated antibodies used 

were optimised in previous work from this group. Details of the antibodies and 

the working volumes used here are shown in Supplementary table S2.1.  

 RNA and protein were isolated from the sorted cells for gene and protein 

expression analysis (section 2.8). Targets for gene expression analysis by qPCR 

(section 2.9) were C1GALT1, COSMC, ST6GALNACII, and the IgA and IgD 

heavy chain genes (IGHA1 and IGHD respectively). PSMB6 was used as the 

endogenous reference gene (ERG) (García-Vallejo et al, 2004). Protein analysis 

target was C1GalT1 (section 2.10).  

4.3 – Results 

 4.3.1 – Genotyping of the 50 healthy volunteers 

 Of the 50 volunteers who provided samples for genotyping of the H1 

haplotype of C1GALT1, only three were found to be homozygous for the H1 

haplotype; 23 were heterozygous, 19 homozygous negative and the remaining 

four undetermined.  

 4.3.2 – Gd-IgA1 and IgA levels by C1GALT1 haplotype 

 No differences in the levels of total serum IgA or serum IgA1 were seen 

across samples (data not shown). A trend of higher levels of serum Gd-IgA1 was 

seen with more copies of the H1 haplotype, however these differences did not 

reach statistical significance (Figure 4.1). This is consistent with the results from 

the Caucasian and Chinese populations studied in Chapter 3. 
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Figure 4.1: Comparison of Gd-IgA1 levels in healthy volunteers with and 

without the H1 haplotype of C1GALT1: Serum Gd-IgA1 levels increase 

with copies of the H1 haplotype in 50 healthy volunteers genotyped for H1, 

with no statistically significant differences. (a) Whole cohort of 50; (b) 

Volunteers selected for further analysis were the 3 that were homozygous for 

H1, 3 randomly selected heterozygotes and 3 randomly selected 

homozygous negatives . Graphs show mean ± SD. 
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4.3.3 – FACS profile of sorted B cells 

 As only three of the 50 volunteers were found to be homozygous for the 

H1 haplotype, three heterozygotes and three homozygous negative were 

randomly selected to match the numbers. These nine volunteers had the larger 

blood sample taken for isolation of B cells for sorting using FACS. Before sorting, 

an aliquot of total B cells was stored for analysis. The gating strategy to collect 

surface IgA+ and surface IgD+ B cells from the selected volunteers is shown in 

Figure 4.2. This involved identifying lymphocytes by size, selecting the live cells, 

identifying surface CD19+ cells as those of B cell lineage and finally collecting 

surface IgA+ B cells (surface CD19+ and IgA+) and surface IgD+ B cells (surface 

CD19+ and IgA+). 

 The actual numbers of cells collected varied greatly from person to person. 

Numbers of surface IgA+ B cells ranged from 800 to 10,000 while numbers of 

surface IgD+ B cells ranged from 5000 to 20,000. Despite this, the proportions of 

surface IgA+ and surface IgD+ B cells as a percentage of total surface CD19+ 

cells showed no differences between any subjects (Figure 4.3).  

 4.3.4 – Surface IgD+ B cells express higher IGHD mRNA levels and 

surface IgA+ B cells express higher IGHA1 mRNA levels 

 Firstly, to further confirm the identity of the different populations of sorted 

cells, the mRNA expression of the heavy chain genes for IgA and IgD were 

measured; IGHA1 and IGHD respectively (Figure 4.4). It was found that the 

expression of IGHA1 was significantly lower in surface IgD+ B cells than both 

surface IgA+ B cells and total B cells, and significantly higher in surface IgA+ B 

cells compared to total B cells. The expression of IGHD was significantly lower 

in surface IgA+ B cells than both surface IgD+ B cells and total B cells, and higher 

but not significantly in surface IgD+ B cells compared to total B cells. This 

confirms that the sorted cell populations are phenotypically as expected; surface 

IgD+ B cells are mainly producing IgD and surface IgA+ B cells are mainly 

producing IgA1. 
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Figure 4.2: FACS profile of sorted B cells: Flow cytometric profile of the 

gating strategy for sorting IgA+ and IgD+ B cells from whole B cell-enriched 

PBMCs; using regions of positive and negative fluorescence of CD19-

AlexaFluor700, IgA-PE and IgD-FITC, with SYTOX red as the live/dead cell 

stain. Cells sorted from 9 healthy volunteers. 

Gating strategy:  

1; Lymphocytes identified by size. 

2; Live lymphocytes identified by low to negative SYTOX red fluorescence. 

3; B cells, identified as surface CD19+. 

4; Surface IgA+ and surface IgD+ B cells collected (CD19+, IgA+ and CD19+, 

IgD+). 
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Figure 4.3: Proportions of surface IgA+ and surface IgD+ B cells sorted 

from B cell enriched PBMCs: Actual numbers of collected surface IgA+ and 

surface IgD+ B cells varied from person to person, but as a percentage of 

total B cells (surface CD19+) there was no difference between people with 

none, one or two copies of the H1 haplotype of C1GALT1. (a) % of surface 

CD19+ cells that are surface IgA+. (b) % of surface CD19+ cells that are 

surface IgD+. Graphs show mean % ± SD. Analysis performed using one-

way ANOVA with post-hoc Tukey test. 
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Figure 4.4: IGHA1 and IGHD mRNA expression in total, surface IgA+ and 

surface IgD+ B cells: mRNA expression of the IgA (a) and IgD (b) heavy 

chains (IGHA1 and IGHD respectively) in 9 healthy volunteers. Significantly 

higher IGHA1 expression in surface IgA+ B cells compared to surface IgD+ 

B cells, and significantly higher IGHD expression in surface IgD+ B cells 

compared to surface IgA+ B cells confirms phenotype of sorted cells. n=9 for 

each bar on the graphs. Graphs show mean ± SD. Analysis was performed 

on the normalised ΔCt values with PSMB6 as the endogenous reference 

gene (ERG) and using unpaired t-tests. 
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 4.3.5 – Surface IgA+ B cells express mRNA for glycosylation 

enzymes at different levels compared to surface IgD+ B cells 

 Next, mRNA expression of the enzymes involved in IgA1 O-glycosylation 

was measured in the three cell types sorted from the combined nine volunteers 

(Figure 4.5). In these, mRNA for the galactosyltransferase enzyme C1GalT1 

showed no significant differences between the cell types, but a trend for lower 

expression in surface IgA+ B cells was observed. The C1GalT1-specific 

chaperone protein, Cosmc, has two transcript variants of its mRNA formed by 

alternative splicing, both encoding the same protein. Both transcript variants of 

COSMC showed significantly elevated mRNA levels in surface IgA+ B cells 

compared to total B cells and surface IgD+ B cells. Levels of the mRNA for the 

sialyltransferase ST6GalNAcII were also significantly elevated in surface IgA+ B 

cells compared to total B cells and surface IgD+ B cells. These results serve to 

confirm the action of maturation-dependent transcriptional regulation of 

glycosylation enzymes in B cells during class switching from naïve B cells to IgA 

producing B cells. 

 4.3.6 – Lower C1GALT1 expression in IgA producing B cells is 

accentuated with homozygosity for the H1 haplotype 

 The results of the C1GALT1 mRNA expression in B cells from the nine 

volunteers were next split based on the presence or absence of the H1 haplotype 

of C1GALT1 (three homozygous for the H1 haplotype, three heterozygotes and 

three homozygous negative) (Figure 4.6). From this, it was evident that the lower 

expression of C1GALT1 mRNA seen in surface IgA+ B cells in the whole data 

set was significantly accentuated by homozygosity for the H1 haplotype. This 

means that the H1 haplotype has a significant effect on maturation-dependent 

transcriptional regulation of the C1GALT1 gene. 
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Figure 4.5: C1GALT1, COSMCv1, COSMCv2 and ST6GALNACII mRNA 

expression in total, surface IgA+ and surface IgD+ B cells:  mRNA 

expression of (a) C1GALT1; (b) COSMC transcript variant 1; (c) COSMC 

transcript variant 2 and (d) ST6GALNACII in 9 healthy volunteers. A trend for 

lower expression of C1GALT1 in IgA+ cells is seen. Significant differences 

between cell types are seen in the expression of both transcript variants of 

COSMC and ST6GALNACII. n=9 for each bar on the graphs. Graphs show 

mean ± SD. Analysis was performed on the normalised ΔCt values with 

PSMB6 as the ERG and using one-way ANOVA with post-hoc Tukey tests. 
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 4.3.6 – Allele-specific qPCR for H1-linked C1GALT1 coding region 

SNP 

 The H1 haplotype itself is in the non-coding region of C1GALT1. A SNP in 

the coding region of C1GALT1 (rs10251492) was found to be associated with 

both the H1 haplotype and Gd-IgA1 levels (Supplementary table S4.1). The 50 

volunteers used here were genotyped for this SNP. In these subjects, the linkage 

of this SNP did not match the H1 haplotype; one of the H1 homozygous negatives 

and two of the H1 homozygous positives were heterozygous for the linked SNP. 

However, when reanalysing serum Gd-IgA1 levels based on copies of the H1 

linked SNP, the same pattern seen with copies of the H1 haplotype of increasing 

serum Gd-IgA1 levels with copies of the linked SNP was seen (Supplementary 

figure S4.1). When also reanalysing the C1GALT1 mRNA expression in the 

sorted cells based on copies of the H1-linked SNP, homozygosity for the linked 

SNP produced the lowest C1GALT1 mRNA specifically in surface IgA+ B cells; 

as was seen with the H1 haplotype analysis (Supplementary figure S4.2). 

Statistical analysis could not be made on this, as only one of the nine volunteers 

that cells were sorted from was found to be homozygous for the H1-linked SNP. 

 The allele-specific qPCR methodology used here was intended to 

measure allele-specific expression differences in C1GALT1 in heterozygotes for 

the H1 haplotype. This method was confirmed to work as expected in cDNA, as 

the results matched the genotype in samples from total B cells. However, the 

small amount of cDNA available in surface IgD+ B cells and especially surface 

IgA+ B cells meant that a complete data set was not able to be produced 

(Supplementary table S4.2). 

 4.3.7 – Protein expression of glycosylation enzymes 

 Several methods were attempted to measure the levels of translated 

C1GalT1 in lysates from the sorted cells, in order to see if the maturation-

dependent regulation extended from transcription of mRNA to translation of the 

protein. First, Western blotting of serially diluted recombinant C1GalT1 (ProSpec) 

showed that the lower limit of detection was around 5ng, equating to around 

20,000 cells (Supplementary figure S4.3). As this was not sensitive enough to 

measure C1GalT1 in the sorted cell populations, an ELISA method was 
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developed and optimised with a detection range of 10ng/ml to 0.1ng/ml, using a 

standard curve constructed from serially diluted C1GalT1 (section 2.5.4). 

However, this still proved not sensitive enough to measure C1GalT1 in the 

lysates from the low cell number populations sorted. 

 The next attempt to measure C1GalT1 protein involved first sending test 

samples (around 20,000 surface IgD+ B cells each) to Proteomics RTP at the 

University of Warwick to attempt quantification of C1GalT1 using mass 

spectrometry. While a small signal was observed for general cellular proteins in 

these samples, this was too weak for any quantification of C1GalT1 itself (see 

Appendix III for mass spectrometry report). 

 In a final attempt to measure C1GalT1 in these samples, Merck were 

contracted to develop an assay using their Single Molecule Counting (SMC) 

technology. In brief, this technology is similar to traditional ELISAs, but utilises a 

unique elution step and digital counting to achieve much improved signal to noise 

ratios; providing possible quantification at a much lower level. A prototype assay 

was developed and optimised by Merck, achieving a low limit of quantification of 

25pg/ml. Unfortunately, most of the samples sent to Merck for testing were below 

this limit (see Appendix IV for SMC assay development and sample testing 

report); meaning that quantification of C1GalT1 protein in these samples was 

unsuccessful, regardless of the method attempted. 

4.4 – Discussion 

 Several studies in IgAN have looked at the expression and activity of 

C1GalT1 and Cosmc in unsorted B cells, finding decreased expression of 

C1GALT1 and COSMC mRNA, and decreased activity translated C1GalT1 and 

Cosmc (Allen et al, 1997; Qin et al, 2005; Buck et al, 2008; Inoue et al, 2010). 

However, the studies themselves are inconsistent with the findings. They also 

focussed only on total B cells, not taking into account any effect of maturation-

dependent transcriptional regulation; as is the case in IgAN with no aberrancy in 

IgD hinge region O-glycosylation observed (Smith, De Wolff et al, 2006). The 

work in this project, while limited by numbers of subjects for analysis, is the first 

such looking at transcription differences in glycosyltransferases between naïve 

B cells and IgA producing B cells. 
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 The significant differences seen in this project in the expression of 

COSMC and ST6GALNACII between surface IgD+ and surface IgA+ B cells 

reinforce the idea that in the process of naïve B cells (IgD+) differentiating and 

undergoing class switch recombination to IgA producing cells, alterations occur 

in transcriptional regulation of the mechanism of O-glycosylation. While no 

significant difference in C1GALT1 mRNA expression was seen between surface 

IgA+ and surface IgD+ B cells, there was an observable lower apparent 

expression in the surface IgA+ B cells; consistent with maturation-dependent 

transcriptional regulation. 

 Previously published data linking genetic variation with gene expression 

in lymphoblastoid cell lines has shown that SNPs on the H1 haplotype of 

C1GALT1 are strongly associated with reduced transcription of C1GALT1 (Yu, 

Pal and Moult, 2016). Other in silico analysis has shown that some SNPs of the 

H1 haplotype are predicted to lie within transcription factor binding elements; one 

at a predicted SOX2-OCT4 site and another within the promotor region of 

C1GALT1 and predicted to affect binding of RUNX3 (J. Wang et al, 2012; 

Watanabe et al, 2010). The H1 haplotype of C1GALT1 is strongly associated with 

serum Gd-IgA1 levels, and this project has shown a significant reduction of 

C1GALT1 mRNA with homozygosity for the H1 haplotype specific to IgA 

producing cells, which begins to confirms the prediction from the in silico studies; 

with the caveat that higher numbers of samples are required for full confirmation 

of this.  

 With regards to the SNP in the coding region of C1GALT1 linked to the H1 

haplotype; the subjects in this study that did not seem to show this association 

are of South Asian ancestry. The linkage of this SNP has only been determined 

so far in Caucasians, which could account for the seeming lack of linkage in these 

subjects. Regardless of this, the pattern of reduced C1GALT1 mRNA expression 

was the same whether organised by H1 or H1-linked SNP. 

 In summary, the work in this chapter has confirmed the action of 

maturation-dependent transcriptional regulation of glycosyltransferase enzymes 

in the development of B cells. It has also been shown that transcription of 

C1GALT1 is reduced by the H1 haplotype of C1GALT1, which in turn is also 
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maturation-dependent. During this work, new assays for quantification of 

translated C1GalT1 protein have been developed, namely an ELISA method and 

an SMC assay, which could aid in future studies of this nature.  
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Chapter 5 – Modulation of IgA1 O-glycosylation 

5.1 – Introduction and aims 

 The mechanism behind the aberrant production of Gd-IgA1 in IgAN 

patients is still largely not well understood. Several studies looking at cytokine 

control of this process have been carried out, demonstrating that galactosylation 

of the IgA1 hinge region can be reduced by the action of a variety of cytokines; 

in an immortalised IgA1 producing cell line (DAKIKI cells) by stimulation with a 

major virulence factor of Helicobacter pylori, CagA, and with the cytokines IL-4, 

TGF-β and IL-17 (Yang et al, 2014; Yamada et al, 2010; Xiao et al, 2017; Lin et 

al, 2018), and also in immortalised IgA1 producing cells isolated from healthy 

subjects and IgA nephropathy patients that were stimulated with IL-4 and IL-6 (H. 

Suzuki et al, 2014). All studies so far have identified the reduction of 

galactosylation at the IgA1 hinge region as a direct result of reductions in 

C1GalT1 leading to less galactose addition. Some have also found this to be 

compounded indirectly by reductions in Cosmc resulting in less activated 

C1GalT1, and others found increased levels of ST6GalNAcII to be present 

leading to blocking of galactosylation by premature sialylation of GalNAc 

residues. 

 The aim of the work in this chapter was to study the effect of novel 

cytokines and chemokines on the mechanism of O-glycosylation of the IgA1 

hinge region in IgA1 producing cells. 

5.2 – Methods 

 The DAKIKI cell line (ATCC) is a surface IgA1+ B lymphoblast cell line 

immortalised by transformation with EBV (Steinitz and Klein, 1980), making them 

a suitable cell line for experiments involving IgA1 O-glycosylation. To 

characterise the DAKIKI cells, 1x105 cells were cultured in 5ml media for 48 hours 

in a 25cm2 culture flask. The culture supernatants were analysed for total IgA and 

Gd-IgA1 levels by ELISA (sections 2.5.1 and 2.5.2). The cells were phenotyped 

flow cytometrically (section 2.7, without cell collection); with surface staining for 

CD19 as the marker of B cell lineage, CD20 as a positive marker of memory B 

cells , CD38 and CD138 as markers of plasmablasts and plasma cells (Robillard 
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et al, 2014), as well as IgA and IgD. Details of the antibodies and the working 

volumes used here are shown in Supplementary table S2.1. An aliquot of cells 

was also lysed in TRIzol and mRNA isolated for gene expression analysis by 

qPCR (section 2.9) of C1GALT1, COSMC, ST6GALNACII, IGHA1 and IGHD. A 

comparison of mRNA expression was made with IgA+ B cells from Chapter 4. 

Genomic DNA from these cells was also genotyped (section 2.3) for the H1 

haplotype identified in Chapter 3. 

 For the first experiment in modulating IgA1 O-glycosylation, a dose-

response method was used. Cytokines were selected based on their functional 

role in B cell activation, regulation of IgA synthesis or homing of B cells:  

- TGF-β (Sigma T7039) for its function in inducing Cα1/2 germline 

transcripts, in effect inducing the IgA response (Sonoda et al, 1992), and 

as the positive control based on previously published data on DAKIKI 

stimulation (Xiao et al, 2017). 

- CD40L (Sigma GF101) for its function as a T cell-dependent activator of 

naïve B cells (Elgueta et al, 2009; Lafarge et al, 2011). 

- TNFα (Sigma H8916) for its role in regulation of IgA synthesis (Tezuka et 

al, 2007). 

- APRIL (Sigma SRP3008) and BAFF (Sigma GF136) for their similar role 

in T cell independent activation of naïve B cells (Litinskiy et al, 2002; Darce 

et al, 2007). APRIL for its role in the survival of plasmablasts in the bone 

marrow (Belnoue et al, 2008) and BAFF also for its role in the survival of 

transitional B cells (Rowland et al, 2010).  

- IL-10 (Sigma SRP3071) for its role in inducing differentiation of IgA plasma 

cells (Marconi et al, 1998; Hirano et al, 2003; Lafarge et al, 2011). 

- MAdCAM-1 (R&D 6065-MC-050) and BCA-1 (Sigma B2929) as ligands 

for mucosal homing receptors on B cells (Briskin et al, 1997; Legler et al, 

1998; Sakai and Kobayashi, 2015).  

 Cytokine concentration ranges were selected based on published serum 

concentrations (Table 5.1). Stimulation took place for 48 hours before harvesting 

(section 2.11). Dose-response experiments were repeated three times. 
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Table 5.1: Cytokines and concentration ranges for dose-response 

stimulation of DAKIKI cells: Concentration ranges of cytokines for DAKIKI 

stimulation were determined based on previously reported serum 

concentrations. 

Cytokine: Concentration range:

TGF-β1 5-80ng/ml

CD40L 5-80ng/ml

TNFα 5-80pg/ml

APRIL 0.4-6.4ng/ml

BAFF 0.2-3.2ng/ml

IL-10 1-16pg/ml

MAdCAM-1 0.2-3.2ng/ml

BCA-1 20-320pg/ml
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 For the second experiment, cytokines with significant results from the 

dose-response experiment were selected for a time-course study. Time points 

for harvesting samples of cells and culture supernatant were at 1 hour, 12 hours, 

24 hours and 48 hours. Time-course experiments were repeated six times. 

 Samples were analysed for total IgA and Gd-IgA1 levels by ELISA in 

culture supernatants, results presented as IgA concentration (µg/ml) and fold 

difference to unstimulated cells in Gd-IgA1/µg IgA. Due to a shortage of HA lectin 

for use in the ELISA method of Gd-IgA1 measurement, there has been a shift to 

another lectin from Vicia villosa (VV). This lectin directly replaces HA in the ELISA 

and has been used as such in studies of IgAN, as it binds the same terminal O-

linked GalNAc epitope (Tollefsen and Kornfeld, 1983). It was also used recently 

to measure Gd-IgA1 levels in the study from which the positive control for this 

chapter, TGF-β, was selected (Xiao et al, 2017). The Gd-IgA1 measurement 

made using VV lectin was found to correlate extremely strongly with the same 

measurement made with HA lectin in both serum and DAKIKI culture supernatant 

(data not shown). For the dose-response experiments, comparison ELISAs were 

used with HA and VV lectin binding; after which only VV lectin was used in the 

time-course. 

  After isolation of mRNA and protein from the lysed cells in the time-course 

experiments, mRNA expression of GALNT2, C1GALT1, COSMC, ST6GALNACII 

and IGHA1 was measured by qPCR (section 2.9.1.3), with IGHA1 used as the 

ERG. Levels of translated C1GalT1 protein from the time-course experiment 

were analysed in cell lysates by Western blot and normalised to β-actin on the 

same blot (section 2.10, see Supplementary table S2.2 for antibody dilutions). 

Selected mRNA samples from the time-course experiments were subjected to 

multiplex gene expression analysis using the Nanostring nCounter Immunology 

Panel (section 2.9.3).  
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5.3 – Results 1 – Characteristics of DAKIKI cells 

 5.3.1 – mRNA expression compared to IgA+ B cells 

 To firstly assess the expression levels of glycosylation enzymes in DAKIKI 

cells, the mRNA expression of C1GALT1, COSMC, ST6GALNACII, IGHA1 and 

IGHD in DAKIKI cells was measured and compared to the expression data from 

surface IgA+ B cells isolated from healthy subjects (see Chapter 4) (Figure 5.1). 

Significant differences were seen in C1GALT1 and ST6GALNACII; C1GALT1 

was higher in DAKIKI cells and ST6GALNACII was lower in DAKIKI cells. No 

IGHD expression was seen in DAKIKI cells. 

 5.3.2 – Flow cytometric phenotyping of DAKIKI cell surface markers 

 In order to phenotypically characterise the DAKIKI cells, they were stained 

for a range of B cell surface markers for flow cytometric profiling. The surface 

markers of the DAKIKI cells led to characterisation as follows: cells are of B cell 

lineage (CD19+), share characteristics of memory B cells and plasma cells 

(CD20+, CD38+ and CD138+) and are completely class switched to IgA (IgA+ 

and IgD-) (Figure 5.2). 

 5.3.3 – FPLC chromatogram of purified DAKIKI IgA 

 It was next necessary to identify whether the IgA produced by DAKIKI cells 

was monomeric or polymeric, and how it compared to normal serum IgA. To this 

end, IgA was purified from DAKIKI culture supernatant after one week of 

incubation. This IgA was then separated by size using an FPLC and the resulting 

chromatogram compared with a chromatogram of normal serum IgA. DAKIKI IgA 

was found to be mostly monomeric, with a small amount of polymeric most likely 

formed by self-aggregation in the culture supernatant after secretion (Figure 5.3). 

This analysis was performed by Jasraj Bhachu. 
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Figure 5.1: mRNA expression in DAKIKI cells compared to surface IgA+ 

B cells: Significant differences in mRNA expression are seen between 

surface IgA+ B cells from healthy subjects and DAKIKI cells in C1GALT1 and 

ST6GALNACII. mRNA for both transcript variants of COSMC and IGHA1 

show no significant differences. Graph shows mean ± SD. Analysis was 

performed on the normalised ΔCt values with PSMB6 as the ERG and using 

unpaired t-tests. 
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Figure 5.2: Flow cytometric 

phenotyping of DAKIKI cell 

surface markers: Green 

histograms are cells stained with 

fluorescently conjugated 

antibodies for surface markers, 

red histograms show unstained 

cells (yellow parts delineate 

overlap of positive and negative 

staining):  

(a) anti-CD19 AlexaFluor700 

(b) anti-CD20 BUV395 

(c) anti-CD38 BV421 

(d) anti-CD138 PE-Cy7 

(e) anti-IgA PE 

(f) anti-IgD FITC 

Characteristics of the cells are as 

follows: B cell lineage (surface 

CD19+), share characteristics of 

memory B cells and plasma cells 

(surface CD20+, CD38+ and 

CD138+), completely class 

switched to IgA (surface IgA+ and 

IgD-). 
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Figure 5.3: FPLC chromatograms of IgA purified from human serum and 

DAKIKI cell culture supernatant: Comparison of IgA purified from serum 

from a healthy subject (a) and IgA purified from DAKIKI cell culture 

supernatant after one week of culture (b). Serum IgA (a) shows normal 

pattern, with polymeric IgA (peak 43.57), dimeric IgA (peak 49.93) and 

monomeric IgA (peak 57.63). IgA produced by DAKIKI cells (b) shown to be 

mostly monomeric (peak 71.58); with the multiple peak at 47.89 potentially 

due to self-aggregation of IgA in the supernatant. 
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 5.3.4 – IgA synthesis rate in DAKIKI cells and hinge region 

glycosylation of DAKIKI IgA 

 An estimate of the IgA1 synthesis rate was next made by measuring the 

amount of total IgA produced into culture supernatant by 1x105 DAKIKI cells 

cultured for 48 hours by ELISA. This was found to be around 0.3µg (data not 

shown). HA lectin binding ELISA of the same culture supernatant showed this 

IgA1 to be highly galactosylated, giving low OD readings (data not shown). 

5.4 – Results 2 – Dose-response stimulation of DAKIKI cells with cytokines 

 5.4.1 – Secreted IgA levels after 48hr stimulation of DAKIKI cells with 

cytokines 

 After 48hrs of stimulation with the cytokines in a dose-response manner, 

as described in Table 5.1, no significant differences in the amount of IgA 

produced was seen compared to unstimulated cells with any of the conditions 

(Figure 5.4). This means that none of the cytokines studied here had an impact 

on the production of IgA, unlike the previous report of TGF-β causing a decrease 

in IgA1 synthesis. This could be due to methodological differences such as 

differing numbers of cells used for the experiment, the size of the culture plate 

used, the measurement of IgA1 itself or the supplier of the TGF-β used for 

stimulation. 
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Figure 5.4: Secreted IgA levels after 48hr dose-response stimulation of 

DAKIKI cells with cytokines: No significant differences seen in IgA in 

culture supernatants after 48 hour stimulation of DAKIKI cells with cytokines 

in a dose-response manner as measured by IgA ELISA. Graph shows mean 

± SD. n=3, data analysed by individual unpaired t-tests comparing each 

condition to unstimulated. 
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 5.4.2 – Secreted Gd-IgA1 levels after 48hr stimulation of DAKIKI cells 

with cytokines 

 Upon measuring the levels of Gd-IgA1 in the culture supernatants, five of 

the nine cytokines used to stimulate DAKIKI cells showed significant increases 

in Gd-IgA1 levels (fold change Gd-IgA1/µg IgA compared to unstimulated) using 

both HA and VV lectin binding ELISAs. These were: TGF-β (80, 40 and 20ng/ml), 

3.2ng/ml APRIL, 0.4ng/ml BAFF, 1.6ng/ml MAdCAM-1 and BCA-1 (160, 80, 40 

and 20pg/ml) (Figures 5.5 & 5.6). One concentration of each of these was utilised 

in the time-course experiment. 

 Differences between the binding of lectin from HA and from VV were 

evident here, this is potentially due to the different specificities of the two lectins. 

HA lectin has been found to have specific binding to IgA1 O-linked GalNAc, while 

VV lectin can also bind to other proteins such as IgA2 and IgG (Moore et al, 

2007); and while neither of these are produced by DAKIKI cells, there may be 

other proteins produced by these cells or in the culture supernatant itself that can 

complex with the secreted IgA1 and have binding affinity for VV lectin.  
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Figure 5.5: Secreted Gd-IgA1 levels after 48hr dose-response 

stimulation of DAKIKI cells with cytokines: Graph showing changes in Gd-

IgA1 levels in culture supernatants from DAKIKI cells stimulated for 48 hours 

with cytokines in a dose-response manner (* indicates significant change 

compared to unstimulated cells). Gd-IgA1 levels measured by HA lectin 

binding ELISA, normalised to total IgA and presented as fold change in Gd-

IgA1/µg IgA compared to unstimulated cells (media only). Graph shows mean 

± SD. n=3, data analysed by individual unpaired t-tests comparing each 

condition to unstimulated. 
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Figure 5.6: Secreted Gd-IgA1 levels after 48hr dose-response 

stimulation of DAKIKI cells with cytokines: Graph showing changes in Gd-

IgA1 levels in culture supernatants from DAKIKI cells stimulated for 48 hours 

with cytokines in a dose-response manner (* indicates significant change 

compared to unstimulated cells). Gd-IgA1 levels measured by VV lectin 

binding ELISA, normalised to total IgA and presented as fold change in Gd-

IgA1/µg IgA compared to unstimulated cells (media only). Graph shows mean 

± SD. n=3, data analysed by individual unpaired t-tests comparing each 

condition to unstimulated. 
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5.5 – Results 3 – Time-course stimulation of DAKIKI cells with cytokines 

 5.5.1 – Secreted IgA and Gd-IgA1 levels after 48hr stimulation of 

DAKIKI cells with cytokines 

 Consistent with the dose-response experiment, the five cytokines used to 

stimulate DAKIKI cells in the time-course experiment (40ng/ml TGFβ, 3.2ng/ml 

APRIL, 0.4ng/ml BAFF, 1.6ng/ml MAdCAM-1 and 80pg/ml BCA-1) did not cause 

any changes in IgA production compared to unstimulated cells after 48hrs (Figure 

5.7), while still causing a significant increase in Gd-IgA1 levels (Figure 5.8). This 

serves to validate these cytokines as factors that can reduce the galactosylation 

of IgA1 in DAKIKI cells. 

 5.5.2 – Effect of time-course cytokine stimulus on DAKIKI 

glycosylation enzyme mRNA expression 

 To further examine the effect of the cytokine stimulus on the reduced 

galactosylation of DAKIKI IgA1 mRNA expression of the enzymes involved in 

IgA1 O-glycosylation was measured. Firstly, after 24hr stimulation all of the 

cytokines caused an increase in GALNT2 mRNA expression compared to 

unstimulated cells; however, only MAdCAM-1 showed a significant increase 

(Figure 5.9). GALNT2 encodes the GalNAc transferase enzyme GalNT2, 

increases of which would potentially lead to more GalNAc addition at the IgA1 

hinge region and more available sites for galactosylation. 

 Expression of mRNA for the galactosyltransferase enzyme C1GalT1 was 

analysed next. Significant decreases in C1GALT1 mRNA compared to 

unstimulated cells were seen after 12hrs stimulation of DAKIKI cells with 0.4ng/ml 

BAFF and after 24hrs with 1.6ng/ml MAdCAM-1 and 80pg/ml BCA-1 (Figure 

5.10). Reductions in C1GalT1 potentially would directly lead to less 

galactosylation of the IgA1 hinge region. 
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Figure 5.7: Secreted IgA levels after time course stimulation of DAKIKI 

cells with cytokines: Levels of secreted IgA in DAKIKI culture supernatant 

increase over time after cells are stimulated with cytokines, but no differences 

are seen between cells stimulated with any condition and unstimulated cells 

at all time points. (a) 1hr; (b) 12hr; (c) 24hr; (d) 48hr. Graphs show mean ± 

SD. n=6, data analysed by individual unpaired t-tests comparing each 

condition to unstimulated. 
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Figure 5.8: Secreted Gd-IgA1 levels after 48 hour stimulation of DAKIKI 

cells with cytokines: Consistent with the dose-response, stimulation of 

DAKIKI cells with 80ng/ml TGF-β1, 3.2ng/ml APRIL, 0.4ng/ml BAFF, 

1.6ng/ml MAdCAM-1 or 160pg/ml BCA-1 produces significantly elevated 

levels of Gd-IgA1 after 48 hours compared to unstimulated as measured by 

VV lectin binding ELISA. Graph shows mean ± SD. n=6, Gd-IgA1 levels 

normalised to total IgA and presented as fold change in Gd-IgA1/µg IgA. 

Graph shows mean ± SD. n=6, data analysed by individual unpaired t-tests 

comparing each condition to unstimulated. 
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Figure 5.9: GALNT2 mRNA expression in DAKIKI cells after 24hr 

stimulation with cytokines: Significant increase seen in GALNT2 mRNA 

expression after 24hr stimulation of DAKIKI cells with 1.6ng/ml MAdCAM-1 

compared to unstimulated cells. Graph shows mean ± SD. n=6, data 

analysed by the 2-ΔΔCt method and individual unpaired t-tests comparing each 

condition to unstimulated (1.0). 
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Figure 5.10: C1GALT1 mRNA expression in DAKIKI cells after 1, 12 and 

24hr stimulation with cytokines: Significant decreases compared to 

unstimulated cells in C1GALT1 mRNA seen after 12hrs stimulation of DAKIKI 

cells with 0.4ng/ml BAFF and after 24hrs with 1.6ng/ml MAdCAM-1 and 

80pg/ml BCA-1. Graph shows mean ± SD. n=6, data analysed by the 2-ΔΔCt 

method and individual unpaired t-tests comparing each condition and time 

point to unstimulated at the matching time point (1.0). 
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 Next, mRNA expression of both transcript variants for the C1GalT1 

chaperone protein, Cosmc, was analysed. Non-significant reductions in COSMC 

transcript variant 1 mRNA were seen compared to unstimulated cells after 12hrs 

stimulation with all cytokines (Figure 5.11). Reductions in COSMC transcript 

variant 2 mRNA were seen at 12 and 24hrs with all conditions, only reaching 

statistical significance with 24hr stimulation with MAdCAM-1 (Figure 5.12). 

Indirect reductions in galactosylation could potentially occur with COSMC 

decreases; less translated Cosmc would mean less activated C1GalT1. 

 Finally, mRNA expression of the sialyltransferase enzyme ST6GalNAcII 

was analysed. Significant increases compared to unstimulated cells in 

ST6GALNACII mRNA expression were seen after 12 and 24hrs with 80ng/ml 

TGF-β and after 24hrs with 3.2ng/ml APRIL, 1.6ng/ml MAdCAM-1 and 160pg/ml 

BCA-1 (Figure 5.13). ST6GalNAcII adds sialic acid to O-linked GalNAc residues; 

increases in ST6GalNAcII would therefore potentially cause premature sialylation 

of GalNAc and block the addition of galactose. 

 5.5.3 – Reduction in C1GalT1 protein after 24hr stimulation of DAKIKI 

cells with cytokines 

 All of the cytokines used in the time-course stimulation of DAKIKI cells 

caused a significant decrease in the amount of translated C1GalT1 protein 

compared to unstimulated cells after 24hrs (Figure 5.14). This is a greater 

decrease than was seen in C1GALT1 mRNA in all conditions and could be the 

result of the combined decreases in C1GALT1 and COSMC mRNA, but could 

also involve other factors such as microRNAs targeting C1GALT1 preventing 

translation, or an effect on increasing the degradation of translated C1GalT1 or 

Cosmc.  
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Figure 5.11: COSMC transcript variant 1 mRNA expression in DAKIKI 

cells after 1, 12 and 24hr stimulation with cytokines: No significant 

differences seen in Cosmc transcript variant 1 mRNA expression after 

stimulation of DAKIKI cells with cytokines compared to unstimulated cells. 

Graph shows mean ± SD. n=6, data analysed by the 2-ΔΔCt method with 

IGHA1 as the ERG and individual unpaired t-tests comparing each condition 

and time point to unstimulated at the matching time point (1.0). 
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Figure 5.12: COSMC transcript variant 2 mRNA expression in DAKIKI 

cells after 1, 12 and 24hr stimulation with cytokines: Significant decrease 

compared to unstimulated cells in COSMCv1 mRNA expression seen after 

24hrs stimulation of DAKIKI cells with 1.6ng/ml MAdCAM-1. Graph shows 

mean ± SD. n=6, data analysed by the 2-ΔΔCt method with IGHA1 as the ERG 

and individual unpaired t-tests comparing each condition and time point to 

unstimulated at the matching time point (1.0). 
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Figure 5.13: ST6GALNACII mRNA expression in DAKIKI cells after 1, 12 

and 24hr stimulation with cytokines: Significant increases compared to 

unstimulated cells in ST6GALNACII mRNA expression seen after 12 and 

24hrs with 80ng/ml TGF-β and after 24hrs with 3.2ng/ml APRIL, 1.6ng/ml 

MAdCAM-1 and 160pg/ml BCA-1. Graph shows mean ± SD. n=6, data 

analysed by the 2-ΔΔCt method with IGHA1 as the ERG and individual unpaired 

t-tests comparing each condition and time point to unstimulated at the 

matching time point (1.0). 
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Figure 5.14: C1GalT1 protein expression in DAKIKI cells after 24hr 

stimulation with cytokines: All cytokines stimulate a significant reduction in 

translated C1GalT1 in DAKIKI cells after 24 hours compared to unstimulated 

(media only). Results corrected to β-actin and fold changes to unstimulated 

calculated. Graph shows mean ± SD. n=6, data analysed using individual 

unpaired t-tests comparing each condition to unstimulated (1.0). 

Representative blots are shown below the graph; (a) C1GalT1 with molecular 

weight markers and (b) β-actin. 
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 5.5.4 – mRNA analysis using NanoString Immunology Panel after 

24hr stimulation of DAKIKI cells with cytokines 

 NanoString technology allows for direct analysis of up to 600 mRNA 

targets using molecular “barcoding” and microscopic imaging in a single sample. 

The Immunology Panel includes genes for the major classes of cytokines and 

their receptors, enzymes and specific gene families such as the major chemokine 

ligands and receptors, interferons and their receptors, the TNF-receptor 

superfamily, and the KIR family genes. 

  Upon analysing the mRNA samples from the 24hr time point after stimulus 

of DAKIKI cells with cytokines, a total of 50 mRNA targets showed significant fold 

changes between stimulated and unstimulated (Table 5.2). These mainly 

clustered with functions involved in cytokine signalling, host-pathogen 

interaction, lymphocyte activation and the innate immune system (Tables 5.3a 

&5.3b). The nSolver analysis software automatically discounts results with high 

standard deviations between replicates, but validation of these targets is still 

required before conclusions can be made. Some of the 50 mRNA targets found 

to have been altered here after stimulation (IL-6, IL-17A and TGF-β) have been 

previously reported to alter IgA1 O-glycosylation on their own. 
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Table 5.2: NanoString nCounter immunology panel results after 24hr 

stimulation of DAKIKI cells with cytokines: Table showing 50 mRNA 

targets with significant fold changes between stimulated and unstimulated 

DAKIKI cells after 24hrs; green for upregulation and red for downregulation, 

p values generated by the analysis software included. n=3, mRNA levels 

measured using NanoString and analysed using nSolver software.  

Gene 40ng/ml TGFβ1 3.2ng/ml APRIL 0.4ng/ml BAFF 1.6ng/ml MAdCAM-1 80pg/ml BCA-1

ABL1 p=0.0209

APP p=0.0138

ARG1 p=0.0482

ATG7 p=0.0492

B3GAT1 p=0.0294

BCL3 p=0.0193

C14orf166 p=0.0309 p=0.0413

C1R p=0.0243

CCL22 p=0.0428

CD1D p=0.0102

CD5 p=0.0337

CD55 p=0.0466

CD59 p=0.0435

CD9 p=0.0250 p=0.0369

CFP p=0.0296

CMKLR1 p=0.0326

CSF1 p=0.0306

CTNNB1 p=0.0448 p=0.0436

CXCL13 p=0.0238

DEFB103B p=0.0372

EGR1 p=0.0088

HLA-DPA1 p=0.0317

IKZF1 p=0.0302

IL17A p=0.0475

IL22 p=0.0403

IL29 p=0.0404

IL2RB p=0.0201

IL4R p=0.0326

IL6 p=0.0252 p=0.0160

IL9 p=0.0377

ITGA5 p=0.0019

JAK1 p=0.0488

KIT p=0.0070

LILRB2 p=0.0355

LILRB5 p=0.0491

NCAM1 p=0.0261

NFATC3 p=0.0297

NOTCH2 p=0.0147 p=0.0176

PLAUR p=0.0056

PML p=0.0442

PRF1 p=0.0473

PSMB5 p=0.0086 p=0.0119 p=0.0123

PSMD7 p=0.0206 p=0.0176 p=0.0223

SPP1 p=0.0248

STAT5B p=0.0115

TGFB1 p=0.0202

TNFRSF17 p=0.0437 p=0.0470

TP53 p=0.0301 p=0.0174

XBP1 p=0.0222 p=0.0257

ZBTB16 p=0.0457
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5.6 - Discussion 

 The mechanism behind O-glycosylation at the IgA1 hinge region is 

complex, with the involvement of several enzymes and proteins; and the 

aberrancy in this leading to reduced galactosylation of the IgA1 hinge region in 

IgAN is not well understood. Reductions or increases in mRNA of any of the 

enzymes involved, and any subsequent change in the translated protein, by the 

action of abnormal levels of cytokines or chemokines could alter the O-glycan 

structure. The first part of the O-glycosylation mechanism is the addition of 

GalNAc by the enzyme GalNT2 (Iwasaki et al, 2003a). An increase in GalNT2 in 

IgAN would potentially lead to more GalNAc addition at the IgA1 hinge region 

and provide more available sites for galactosylation. C1GalT1 is the enzyme that 

catalyses the addition of galactose to GalNAc (T. Ju et al, 2002). Reductions in 

C1GalT1 in IgAN would directly reduce the amount of galactose added; and if 

there were increases in GalNT2 but no corresponding increase in C1GalT1, there 

would be more non-galactosylated GalNAc residues. C1GalT1 itself requires a 

molecular chaperone protein, Cosmc, for correct folding and activation of its 

enzymatic function (T. Z. Ju and Cummings, 2002). Any decreases in Cosmc in 

IgAN would decrease the amount of functional C1GalT1, indirectly leading to a 

reduction in galactosylation. Finally, ST6GalNAcII is the enzyme that catalyses 

the addition of sialic acid to GalNAc (Samyn-Petit et al, 2000). An increase in 

ST6GalNAcII in IgAN could potentially cause premature sialylation of GalNAc 

residues, blocking the subsequent addition of galactose. Any differences in 

sialylation of IgA1 could be detected by the lectin binding ELISA either by running 

the ELISA twice (with and without removal of sialic acid residues by 

neuraminidase treatment) or with a different lectin specific for sialic acid residues. 

 APRIL plays a role in T cell independent activation of naïve B cells and in 

the survival of plasmablasts in the bone marrow (Litinskiy et al, 2002; Belnoue et 

al, 2008). APRIL has been found to be present at elevated levels in serum from 

IgAN patients, and concurrently in the same study was shown to correlate with 

serum levels of Gd-IgA1 (Zhai et al, 2016). The work in this project validates the 

correlation of APRIL with Gd-IgA1 levels by showing that APRIL stimulation of 

IgA1 producing cells causes a reduction in galactosylation of the IgA1 hinge 

region.  
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 BAFF also plays a role in T cell independent activation of naïve B cells, 

and also in the survival of transitional B cells (Litinskiy et al, 2002; Rowland et al, 

2010). A study has shown that BAFF overexpressing transgenic mice developed 

a commensal flora-dependent IgA-associated nephropathy, with elevated serum 

levels of polymeric IgA that was aberrantly glycosylated (McCarthy et al, 2011). 

Two stimulation studies in cultured tonsillar mononuclear cells have also shown 

overexpression of BAFF and increases in Gd-IgA1 production; one by stimulation 

with capsaicin and the other using vibration (Shao et al, 2014; Ye et al, 2016). 

Serum levels of BAFF have also been found to be elevated in IgAN and correlate 

with renal function (Xin et al, 2013).The work in this project has shown that BAFF 

itself can cause an increase in Gd-IgA1 levels. 

 It has long been known that hinge regions of IgA1 produced at mucosal 

surfaces are less galactosylated than that of circulating IgA1, and it has been 

theorised that the higher levels of circulating Gd-IgA1 seen in IgAN is produced 

by cells that have been miss-trafficked from the mucosa (Royle et al, 2003; Smith, 

Molyneux et al, 2006). In this chapter it has been shown that MAdCAM-1 and 

BCA-1, ligands for mucosal homing receptors (Sakai and Kobayashi, 2015), can 

reduce the galactosylation of IgA1 in DAKIKI cells; to a greater extent with 

MAdCAM-1. If extrapolated to in vivo processes, this could in effect be seen as 

priming the cells for roles at mucosal surfaces. This could further imply that 

defects in MAdCAM-1, BCA-1 or their receptors on B cells in IgAN could lend 

credence to the theory of circulating Gd-IgA1 in IgAN being mucosal IgA1. Both 

MAdCAM-1 and BCA-1 are expressed on cell surfaces of high endothelial 

venules in lymph nodes and mucosal lymphoid tissues (Nakache et al, 1989; 

Briskin et al, 1997; Mark Ansel et al, 2000), therefore excess shearing of them 

from the cell surface into circulation in IgAN could potentially prime circulating B 

cells for mucosal function, thus decreasing the galactosylation of the IgA1 

produced. However; both MAdCAM-1 and BCA-1 have not as yet been studied 

in IgAN, and further work would be needed to assess any potential role it, or its 

receptor, may play in affecting the pathophysiology of the disease. 

 The decrease seen in C1GalT1 protein expression under stimulus by all 

of the cytokines studied here could wholly account for the higher levels of Gd-

IgA1 produced in all cases. However, there is a discrepancy between the slight 
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differences seen in C1GALT1 mRNA and the larger differences in translated 

protein. This indicates that other factors are involved that could be causing 

degradation of C1GalT1 after translation. Further investigation into where this 

occurs is necessary to understand the mechanism behind alterations in 

galactosylation of the IgA1 hinge region. The decreases that were seen in 

C1GALT1 mRNA and protein were consistent with those changes seen in 

previous studies of modulation of IgA1 O-glycosylation in DAKIKI cells (Yang et 

al, 2014; Yamada et al, 2010; Xiao et al, 2017; Lin et al, 2018), one of which also 

showed analysed activity of C1GalT1 and found a decrease in this (Yamada et 

al, 2010). 

 The data from the NanoString Immunology Panel analysis of mRNA 

provides a lot of data to begin elucidating the mechanism behind the observed 

increases in Gd-IgA1. Both TGF-β and APRIL caused an upregulation in IL6, 

which a previous study has shown by itself upregulates the production of Gd-

IgA1 by dysregulation of C1GalT1 and ST6GalNAcII (H. Suzuki et al, 2014). 

TNFRSF17 encodes BCMA, a B cell receptor for both APRIL and BAFF (Coquery 

and Erickson, 2012), and was found to be downregulated by both TGF-β and 

MAdCAM-1. It is also interesting to note that while BAFF and APRIL share two B 

cell receptors, TACI and BCMA (Marsters et al, 2000), the NanoString data 

shows no similar regulation between stimulation of DAKIKI cells with BAFF and 

APRIL. The mRNA targets identified as being altered by the stimulation 

conditions in this work require validation before conclusions about the potential 

regulatory pathways involved can be made. 

 To summarise, the work in this chapter has identified novel cytokines that 

can directly reduce galactosylation of the IgA1 hinge region. Two of these (APRIL 

and BAFF) have previously been found to be associated with IgAN, and a further 

two have yet to be investigated in IgAN (MAdCAM-1 and BCA-1). 
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Chapter 6 – Final discussion 

6.1 – Summary of findings 

 This work in this project aimed to investigate the genetic control of IgA1 

hinge region O-glycosylation, how the O-glycosylation mechanism itself can be 

altered during B cell development and also how it can be modulated by the action 

of cytokines on IgA1 producing cells.  

 Consistent with previous studies, this project has shown that the aberrant 

IgA1 O-glycosylation seen in IgAN is evident in both Caucasian and Chinese 

patients. As has also been shown in previous studies, serum Gd-IgA1 levels 

show an association with progressive forms of IgAN; this association being 

strengthened in Caucasians as Gd-IgA1 levels in serum were found to remain 

stable over time. Alongside this, this work has also shown for the first time lower 

overall levels in a Chinese population compared to Caucasians. Gender 

differences in serum Gd-IgA1 levels have also been shown for the first time in 

both the Caucasian and Chinese IgAN cohorts; however, the reasons behind 

these gender differences are still unclear. 

 It has been demonstrated here that a common variation of C1GALT1, 

named the H1 haplotype, strongly affects Gd-IgA1 level in the population; which 

potentially could be a factor that can influence the risk of progression in IgAN. 

Association of the H1 haplotype with IgAN has yet to be confirmed, requiring a 

much larger cohort for an effective GWAS. A possible association of COSMC 

with Gd-IgA1 levels was also seen in this project, but this association did not 

reach genome-wide statistical significance. However, a separate GWAS did find 

an association between Gd-IgA1 levels and a COSMC SNP, along with one of 

the C1GALT1 SNPs described here (Kiryluk et al, 2017). 

 The only immunoglobulin that can be O-glycosylated in a similar fashion 

to IgA is IgD. However, in IgAN no aberrancy in IgD O-glycosylation has been 

observed (Smith, De Wolff et al, 2006). In the sorted cell populations in this 

project, the observation of significantly elevated COSMC and ST6GALNACII 

mRNA expression only seen in surface IgA+ B cells, as well as the trend for 

reduced C1GALT1 mRNA expression in the same, clearly shows maturation-
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dependent transcriptional regulation during the class switching of naïve B cells 

to IgA producing B cells; a process highly regulated by a variety of cytokines and 

transcription factors (Calame and Shapiro-Shelef, 2005). The lower mRNA 

expression of C1GALT1 being significantly accentuated by homozygosity for the 

H1 haplotype also fits the theory of maturation-dependent transcriptional 

regulation (Gale et al, 2017). The H1 haplotype has been predicted to affect 

binding of the transcription factor RUNX3, which is necessary for class switching 

of naïve B cells to IgA producing B cells (Watanabe et al, 2010).  

 In characterising the DAKIKI cells, it was observed that surface markers 

showed shared characteristics of memory B cells and plasma cells, which is most 

likely due to the fact that the cells were initially isolated from a carcinoma before 

being immortalised with EBV transformation . They were found to produce mostly 

monomeric IgA, with the small amount of polymeric IgA seen potentially due to 

self-aggregation of the IgA after time in the culture supernatant. 

 Previous studies (Yamada et al, 2010; Yang et al, 2014; Xiao et al, 2017; 

Lin et al, 2018) have shown that supplementation of DAKIKI cells with cytokines 

can modulate the levels of Gd-IgA1 produced by altering C1GALT1, COSMC and 

ST6GALNACII expression. This work has identified novel cytokines that can 

increase Gd-IgA1 production (APRIL, BAFF, MAdCAM-1 and BCA-1), and 

furthermore has shown this can be by altering the regulation of GALNT2 

transcription, as well as C1GALT1, COSMC and ST6GALNACII. An increase in 

GALNT2 would lead to more GalNAc addition, providing more O-glycan sites for 

galactosylation. Reductions in C1GALT1 would directly reduce the amount of 

galactose added to the IgA1 hinge region, and reductions in COSMC indirectly 

by lowering the amount of correctly folded translated C1GalT1. ST6GALNACII 

increases would have the effect of blocking the addition of galactose by sialic 

acid residues being added to GalNAc before galactosylation. It has been 

theorised that the higher levels of circulating Gd-IgA1 seen in IgAN is produced 

by cells that have been miss-trafficked from the mucosa, as mucosal IgA1 is 

known to be less galactosylated than systemic (Smith, Molyneux et al, 2006). 

MAdCAM-1 and BCA-1 are ligands for mucosal homing receptors and have not 

yet been studied in relation to IgAN, but could lend support to the miss-trafficking 

theory if they are present at higher levels in circulation. 
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 To summarise the hypothesis and findings of this thesis; firstly, when 

naïve B cells class switch to IgD or IgA producing B cells, the action of maturation 

dependant transcriptional regulation alters the levels of glycosylation enzymes. 

Here there is a potential greater impact specifically in IgA producing B cells on 

C1GALT1 mRNA with homozygosity for the H1 haplotype shown in this project. 

Next, IgA producing cells can then develop further in the mucosal or systemic 

compartments. In the systemic compartment, the action of cytokines can alter the 

glycosylation of IgA1, and higher levels of ligands for mucosal homing receptors 

in circulation could miss-prime circulating IgA producing B cells for mucosal 

function; which produces more undergalactosylated IgA naturally. Finally, this 

IgA1 with reduced galactose can form immune complexes which can then deposit 

in the renal mesangium leading to renal injury and IgA nephropathy. This process 

is summarised in Figure 6.1. 
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Figure 6.1: Summary of thesis hypothesis and findings: A flow diagram 

summary of the hypothesis and findings from this thesis. Naïve B cells class 

switch to IgD or IgA producing B cells, with maturation dependant 

transcriptional regulation altering the levels of glycosylation enzymes. Here 

there is an impact specifically in IgA producing B cells with homozygosity for 

the H1 haplotype of C1GALT1. IgA producing cells can then develop in the 

mucosal or systemic compartments. In the systemic compartment, cytokines 

can alter the glycosylation of IgA1, and higher levels of ligands for mucosal 

homing receptors in circulation could miss-prime circulating IgA producing B 

cells for mucosal function; producing more Gd-IgA1. Gd-IgA1 can form 

immune complexes which can then deposit in the renal mesangium leading 

to renal injury and IgA nephropathy. 
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6.2 – Limitations 

 6.2.1 – Limitations of the serum Gd-IgA1 study 

 The first limitation in this chapter involved the lack of matching samples 

and data in the Chinese cohort compared to the Caucasian cohort. No ten-year 

follow up data was available for the Chinese IgAN patients, so the definition of 

progressive and non-progressive IgAN used in the Caucasian cohort could not 

be made in the Chinese patients. There were also no Chinese MN patient 

samples available for a disease control group. 

 A limitation with the HA lectin binding method involves the observed 

overlap in the observed serum Gd-IgA1 levels between IgAN and healthy 

subjects, as the IgA1 hinge region contains up to six sites which can be O-

glycosylated, with many potential combinations of glycoforms. Many of these will 

normally lack galactose at some sites, and in health and IgAN serum contains 

IgA1 with a mixture of glycoforms which bind the HA (or VV) lectin to differing 

extents, which makes the use of lectin binding methods as diagnostic tools more 

difficult. 

 A further limitation was observed in the identification of the H1 haplotype 

of C1GALT1 associated with serum Gd-IgA1 levels. This limitation is the lack of 

clear evidence of an association of the H1 haplotype with IgAN. The data 

produced here shows that for each SD increase in Gd-IgA1, the odds of IgAN 

increased by a ratio of around 1.52. In the Caucasian population studied here, 

the R2 value for the association of the H1 haplotype with serum Gd-IgA1 levels 

was 0.033, which implies that 3.3% of the variation in serum Gd-IgA1 levels is 

due to the number of copies of the H1 haplotype. In order to detect an association 

with IgAN, power calculations indicate that a candidate gene study in Caucasians 

would require more than 5300 participants for greater than 80% power to detect 

any effect of the H1 haplotype on the risk of IgAN; and a GWAS would require 

around five times greater numbers. The H1 haplotype was found to be less 

common in the Chinese population studied here, with an R2 value of 0.019, 

indicating that even greater numbers would be required to detect an association 

between the H1 haplotype and IgAN in Chinese patients. 
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 6.2.2 – Limitations of the B cell O-glycosyltransferase study 

 The first limitation in this chapter was the number of people found to be 

homozygous for the H1 haplotype of C1GALT1. Out of the 50 people genotyped 

for H1, only three were found to be homozygous for it; this means that the 

analysis was not highly powered and more numbers are needed to be recruited 

to validate the observed differences. 

 The major limitation in this chapter revolved around the low numbers of 

cells sorted from 40ml of whole blood. This meant that the low amounts of mRNA 

that could be isolated from these cells required preamplification of the cDNA 

produced for viable gene expression analysis. This also meant that there was too 

little mRNA for allele-specific qPCR and too little protein for quantification of 

translated C1GalT1. Furthermore, the low cell numbers led to being unable to 

attain more phenotypically distinct subtypes of B cells. Naïve B cells, memory B 

cells, plasmablasts and plasma cells differ in that naïve and memory B cells have 

higher cell surface expression of immunoglobulins and do not produce any 

immunoglobulins for secretion. Once activated and undergoing differentiation to 

plasmablasts, this begins to reverse, with less cell surface immunoglobulins and 

more secretion. After fully maturing into plasma cells, most cell surface 

immunoglobulin expression is lost, and the cell is fully devoted to producing 

secreted forms of immunoglobulins. These distinct stages of development could 

have further differences in the transcriptional regulation of glycosyltransferase 

genes.  

 6.2.3 – Limitations of the IgA1 O-glycosylation modulation study 

 The main limitation in this chapter was in the measurement of Gd-IgA1 

produced by DAKIKI cells. Due to a worldwide shortage of HA lectin for use in 

the ELISA method, a switch to using VV lectin had to be made. The Gd-IgA1 

measurement made using VV lectin was found to correlate extremely strongly 

with the same measurement made with HA lectin in both serum and DAKIKI 

culture supernatant. However, the signal produced by the VV lectin was much 

weaker; and with the DAKIKI IgA being highly galactosylated, displaying low 

lectin binding, the development of readable results from the reaction in this 

method took time. A monoclonal antibody, KM55, raised against an IgA1 hinge 
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region completely lacking in galactose has recently been produced (Yasutake et 

al, 2015); however, in testing KM55 for use in this study, there was a lack of 

reproducibility of results so it was discounted as a viable method of Gd-IgA1 

measurement for this project. 

 The largest mRNA change after stimulation of DAKIKI cells to modulate 

IgA1 O-glycosylation was seen in ST6GALNACII. No genetic association was 

found in the first chapter of this thesis between ST6GALNACII and Gd-IgA1 

levels; however, the measurement of Gd-IgA1 levels was made by the GalNAc-

specific HA lectin and therefore would not detect variation in the sialylation of 

IgA1. 

6.3 – Future work 

 6.3.1 – Serum Gd-IgA1 levels and the H1 haplotype of C1GALT1 

 Due to the worldwide shortage of HA lectin to measure serum Gd-IgA1 

levels, future studies of this nature would require use of a different lectin to assess 

serum Gd-IgA1 levels. This project utilised VV lectin as a substitute for HA lectin 

in the cell culture experiments; however, some differences were observed 

between the two. When testing the suitability of VV lectin for this project, serum 

Gd-IgA1 levels measured by VV lectin were found to have a high correlation with 

HA lectin binding of the same samples. While this could make VV lectin suitable 

for serum Gd-IgA1 level studies, there are other lectins available that may be a 

closer match to HA lectin; these would require testing before further work on 

serum Gd-IgA1 levels could be performed. 

 The next work for this section will include assessing the levels of serum 

Gd-IgA1 in patients with IgAN and healthy subjects from a variety of other 

ethnicities and comparing them to the Caucasian and Chinese cohorts already 

studied. Wherever possible, serum samples from MN patients in the other 

ethnicities will be included as the disease controls in order to match the analysis 

of the specificity of elevated serum Gd-IgA1 levels in IgAN already performed 

here in Caucasians. 

 These extra cohorts will also be genotyped to assess the presence and 

frequency of the H1 haplotype of C1GALT1; along with identifying any other 
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potential alleles linked to higher serum Gd-IgA1 levels not present in Caucasian 

or Chinese populations. It would be interesting to attempt recruiting parents of 

patients from these other ethnic cohorts, including a Chinese cohort as parent 

samples were not available for this project, to see if or to what degree serum Gd-

IgA1 levels are heritable in different ethnicities. The stability of serum Gd-IgA1 

levels over time in ethnicities other than Caucasians will also need to be 

assessed. 

 To identify any association of the H1 haplotype of C1GALT1 with 

susceptibility to IgAN, a large cohort of 10,000 Chinese IgAN patients and 15,000 

Chinese healthy subjects are currently being genotyped. Such large numbers are 

a necessity for sufficient power in a study of this nature, given that the H1 

haplotype is less common in Chinese populations. However, recruitment of these 

numbers of subjects is easier in China due to the larger population size and 

greater prevalence of IgAN. 

 Some SNPs of the H1 haplotype are predicted to lie within transcription 

factor binding sites, one of which is within the promotor region of C1GALT1. Our 

collaborators at UCL who initially identified the H1 haplotype are currently 

investigating this. They have so far shown that two variants on the H1 haplotype 

reduce expression of reporter gene, and that there is less protein binding to this 

allotype. They are currently investigating which protein(s) bind differently 

according to genotype that can potentially affect transcription of C1GALT1. 

 6.3.2 – O-glycosyltransferase expression during B cell development 

 The most pressing future work for this section will be to increase the 

numbers of subjects studied; this would allow a clearer picture of the difference 

between those homozygous for the H1 haplotype of C1GALT1, those 

heterozygous and those homozygous negative. Ideally, future subjects will have 

more than 40ml whole blood taken from which to sort surface IgA+ and surface 

IgD+ B cells; giving an increase in the final number of collected cells and aiding 

in ease of the downstream analyses and potentially collecting more 

phenotypically distinct cell populations. It would also be beneficial to recruit IgAN 

patients to include in this study, to assess whether the presence or absence of 

the H1 haplotype has any differential effect on these cells in IgAN. 
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 Further on, experiments will be planned to work out where the differences 

in the O-glycosylation mechanism between surface IgA+ and surface IgD+ B cells 

occur. This will involve development of an in vitro model of differentiation of naïve 

B cells (surface IgD+) to IgA secreting plasma cells to attempt to track the 

changes in the expression or activity of the enzymes and proteins involved in O-

glycosylation as the cells undergo activation, class-switch recombination and 

maturation. These experiments will be performed on cells with and without the 

H1 haplotype of C1GALT1. 

 6.3.3 – Modulation of IgA1 O-glycosylation 

 As the largest mRNA change after stimulation with cytokines was in 

ST6GALNACII, it would be beneficial to measure the sialylation of IgA1 in the 

supernatants of these experiments. Lectins are available that bind the α2-6 sialic 

acid residues at the IgA1 hinge region. To this end, a selection of these will be 

tested in the lectin binding ELISA and the best candidate used to measure 

sialylation of the IgA1 in the culture supernatants from this project. 

 To further elucidate the mechanism behind changes in IgA1 O-

glycosylation the mRNA from samples in the time course experiments will be sent 

for Next Generation Sequencing of total mRNA and micro RNAs. Aliquots of dried 

cell pellets from the same samples will also be used for full proteomic analysis 

by mass spectrometry. Alongside qPCR validation of any targets identified by 

sequencing, validation of some or all of the fifty targets found to be up- or 

downregulated by the NanoString Immunology Panel will be performed. 

Validation of protein targets identified by mass spectrometry will also be carried 

out by Western blotting. 

 As the DAKIKI cells were found to be homozygous negative for the H1 

haplotype of C1GALT1, experiments are being planned to transfect these cells 

with heterozygous and homozygous positive H1 C1GALT1 genes, to see any 

different effect on the action of these cytokines on C1GALT1 with variations in 

the H1 haplotype. 

 In cell culture experiments, IgA isolated from IgAN patients and healthy 

subjects is known to stimulate renal cells to different degrees (Ebefors et al, 

2016). Large scale experiments on DAKIKI cells with and without cytokine 
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stimulus will be performed in order to isolate and purify IgA with different 

glycosylation states from each stimulus. This IgA will then be used to stimulate 

various types of renal cells in culture and assess any differential effect purely 

based on the same IgA expressing a different glycosylation pattern. 

 For greater clinical relevance, all or part of this work on DAKIKI cells will 

be repeated on cultured PBMCs from IgAN patients and healthy subjects; with 

potential further on to repeat again with immortalised IgA+ B cells from the same. 

It is the hope that through the sum of this work, potential drug targets can be 

identified with the aim of reducing the amount of pathogenic Gd-IgA1 found in 

IgAN. 

 The identification of MAdCAM-1 and BCA-1 as factors that can affect IgA1 

O-glycosylation is an exciting discovery, as neither cytokine has been studied in 

IgAN previously. The serum samples analysed in the work in Chapter 3 of this 

thesis would be the most readily available samples to measure levels of 

circulating MAdCAM-1 and BCA-1 and compare those in IgAN patients with 

healthy subjects. This would allow identification of whether they are raised in 

circulation in IgAN, thus potentially causing B cells to be miss-trafficked (or miss-

primed) for mucosal function and therefore lead to the increase in circulating Gd-

IgA1 levels seen in IgAN.  
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6.4 – Concluding remarks 

 Aberrant O-glycosylation of IgA1, namely galactose deficiency in the hinge 

region, is a well documented finding in IgAN and thought to be a main factor in 

the pathogenesis of the disease. However, the biological basis for this aberrancy 

is still not well understood despite much research. The work from this project 

serves to elucidate further control of the mechanism behind O-glycosylation at 

the IgA1 hinge region. This work raises questions for future IgAN studies about 

how differences in the O-glycosylation mechanism between genders in IgAN and 

between ethnicities cause the observed differences in serum levels of Gd-IgA1, 

and about how this mechanism can be regulated genetically and modulated with 

cytokines. 
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Appendix I – Ethical approval 

 University Ethics Sub-Committee for Medicine and 
Biological Sciences 

 
 

 
03/12/2015 

Ethics Reference: 3803-dhjw2-infectionimmunityinflamm 

TO: 

Name of Researcher Applicant: David Wimbury 

Department: 3I 

Research Project Title: Transcriptional control of IgA1 O-galactosylation in IgA 
nephropathy 

  

Dear David Wimbury,  

RE:  Ethics review of Research Study application 

The University Ethics Sub-Committee for Medicine and Biological Sciences has 
reviewed and discussed the above application.  

1. Ethical opinion 

The Sub-Committee grants ethical approval to the above research project on the basis 
described in the application form and supporting documentation, subject to the 
conditions specified below. 

2. Summary of ethics review discussion  

The Committee noted the following issues:  

All approved 

3.  General conditions of the ethical approval 

The ethics approval is subject to the following general conditions being met prior to 
the start of the project: 

As the Principal Investigator, you are expected to deliver the research project in 
accordance with the University’s policies and procedures, which includes the 
University’s Research Code of Conduct and the University’s Research Ethics Policy. 

If relevant, management permission or approval (gate keeper role) must be obtained 
from host organisation prior to the start of the study at the site concerned. 

4.  Reporting requirements after ethical approval 

You are expected to notify the Sub-Committee about: 
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• Significant amendments to the project 

• Serious breaches of the protocol 

• Annual progress reports 

• Notifying the end of the study 
5. Use of application information 

Details from your ethics application will be stored on the University Ethics Online 
System. With your permission, the Sub-Committee may wish to use parts of the 
application in an anonymised format for training or sharing best practice.  Please let 
me know if you do not want the application details to be used in this manner. 

 

Best wishes for the success of this research project. 

Yours sincerely, 

Dr. Susan Wallace  

Chair 
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Supplementary figure S2.1: Correlation of Gd-IgA1 levels in serum 

between HA and VV lectin binding: Significant correlation seen between 

HA and VV lectin binding ELISA measurements of Gd-IgA1 levels in serum 

from 22 healthy subjects. Data was correlated using the Pearson method; 

r=0.9701, p<0.0001. 

Appendix II – Supplementary data 

Chapter 2 – Methods and materials   



142 
 

A
n

ti
b

o
d

y
Fl

u
o

re
sc

e
n

t 
co

n
ju

ga
te

Su
p

p
lie

r
C

at
al

o
gu

e
 n

o
.

V
o

lu
m

e
 p

e
r 

2
0

0
µ

l c
e

ll 
su

sp
e

n
si

o
n

an
ti

-C
D

1
9

A
le

xa
Fl

u
o

r 
7

0
0

B
D

5
5

7
9

2
1

1
0

µ
l

an
ti

-C
D

2
0

B
U

V
3

9
5

B
D

5
6

3
7

8
2

1
0

µ
l

an
ti

-C
D

3
8

B
V

4
2

1
B

D
5

6
2

4
4

4
1

0
µ

l

an
ti

-C
D

1
3

8
P

E-
C

y7
eB

io
sc

ie
n

ce
2

5
-1

3
8

9
1

0
µ

l

an
ti

-I
gA

P
E

M
ilt

en
yi

 B
io

te
c

1
3

0
-0

9
3

-1
2

8
2

0
µ

l

an
ti

-I
gD

FI
TC

B
D

5
5

5
7

7
8

1
0

µ
l

S
u

p
p

le
m

e
n

ta
ry

 t
a
b

le
 S

2
.1

: 
F

lu
o

re
s
c
e
n

tl
y
 c

o
n

ju
g

a
te

d
 a

n
ti

b
o

d
ie

s
 u

s
e
d

 

fo
r 

F
A

C
S

: 
D

e
ta

ils
 o

f 
th

e
 f

lu
o
re

s
c
e
n
tl
y
 c

o
n
ju

g
a
te

d
 a

n
ti
b

o
d
ie

s
 u

s
e
d
 f

o
r 

F
A

C
S

 

in
 C

h
a

p
te

rs
 4

 a
n

d
 5

 a
lo

n
g
 w

it
h
 t

h
e
 w

o
rk

in
g
 v

o
lu

m
e
s
 u

s
e
d
 a

re
 s

h
o
w

n
. 

  



143 
 

A
n

ti
b

o
d

y
C

o
n

ju
ga

te
Su

p
p

lie
r

C
at

al
o

gu
e

 n
o

.
D

ilu
ti

o
n

 f
ac

to
r

ra
b

b
it

 a
n

ti
-h

u
m

an
 C

1
G

al
T1

-
Sa

n
ta

 C
ru

z
sc

-9
8

4
3

3
1

:2
0

0

an
ti

-r
ab

b
it

 Ig
s

H
R

P
D

ak
o

P
0

4
4

8
1

:1
0

0
0

m
o

u
se

 a
n

ti
-h

u
m

an
 β

-a
ct

in
-

ab
ca

m
ab

6
2

7
6

1
:2

0
0

0

an
ti

-m
o

u
se

 Ig
s

H
R

P
D

ak
o

P
0

2
6

0
1

:1
0

0
0

S
u

p
p

le
m

e
n

ta
ry

 t
a
b

le
 S

2
.2

: 
A

n
ti

b
o

d
ie

s
 u

s
e
d

 f
o

r 
W

e
s
te

rn
 b

lo
tt

in
g

: 
D

e
ta

ils
 

o
f 

th
e
 a

n
ti
b
o

d
ie

s
 a

n
d
 d

ilu
ti
o
n
s
 f

o
r 

W
e
s
te

rn
 b

lo
tt

in
g
 i
n
 C

h
a
p
te

rs
 4

 a
n

d
 5

. 

  



144 
 

Supplementary figure S3.1: Stability of Gd-IgA1 levels over time: Gd-

IgA1 levels in serum remain stable over time in samples from the Leicester 

IgAN Research Archive as measured by HA lectin binding ELISA (a) Healthy 

subjects; (b) IgAN patients. Data analysed by calculating the coefficient of 

variation (CV) between Gd-IgA1 levels at the earliest and latest time points 

(T1 and T2), and also by correlation of the same data (Cheshire, 2011). 

Chapter 3 – Systematic analysis of aberrant IgA1 O-glycosylation in IgAN  
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Chapter 4 - Expression of glycosylation enzymes in IgA and IgD producing 

cells 
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Supplementary figure S4.1: Gd-IgA1 levels by SNP linked to H1 

haplotype of C1GALT1 (rs10251492): Gd-IgA1 levels increase with copies 

of the H1 linked SNP in the coding region of C1GALT1 in 50 healthy 

volunteers genotyped for this SNP. (a) Whole cohort of 50; (b) Volunteers 

selected genotyped as 3 homozygous for H1, 3 heterozygous for H1 and 3 

homozygous negative for H1. 
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Supplementary figure S4.2: C1GALT1 mRNA expression in total, 

surface IgA+ and surface IgD+ B cells by SNP linked to H1 (rs10251492): 

Expression of C1GALT1 in cells from the 9 healthy volunteers; 3 homozygous 

for H1 haplotype of C1GALT1, 3 heterozygous and 3 homozygous negative 

for H1. Linkage mis-match between H1 haplotype and linked SNP gives 1 

homozygous for H1 linked SNP, 6 heterozygous and 2 homozygous negative; 

and is possibly due to ethnic differences. Data shown is the normalised ΔCt 

values with PSMB6 as the ERG. Analysis of the effect of homozygosity for 

the H1 linked SNP on C1GALT1 mRNA expression was not possible due to 

only one sample being homozygous for this SNP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



148 
 

Supplementary table S4.2: Allele-specific qPCR of H1 linked SNP in 

mRNA from sorted cells surface IgA+ and surface IgD+ B cells: Ct values 

in whole B cell mRNA confirms method for allele-specific qPCR of this SNP 

is viable, as data matches the genotype of the SNP. Lack of some results in 

surface IgD+ B cells and lack of most results in surface IgA+ B cells reflects 

fewer numbers of starting cells and therefore less mRNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ct values in mRNA

Whole B cells IgD+ B cells IgA+ B cells

Sample Copies of H1 link SNP A G A G A G

16 0 A/A 39.031 35.725 42.326

2 0 A/G 35.828 34.561 40.603 39.733

17 0 A/G 32.411 31.561 40.239 39.324

3 1 A/A 33.488 46.944

7 1 A/G 34.500 33.609 39.117 38.409 42.349 42.046

9 1 A/G 36.474 35.532 42.163 44.285

107 2 A/G 42.964 40.068 40.982 41.499

108 2 A/G 31.805 30.895 41.944 41.258 42.826 48.415

104 2 G/G 28.778 38.374
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Supplementary figure S4.3: Western blot of purified recombinant 

C1GalT1: Acquired using BioRad ChemiDoc Touch and analysed using 

Image Lab software. Lanes 1 & 15: Molecular weight marker. C1GalT1 

concentrations loaded in serial dilution:  2.5µg – 0.61ng. Lowest possible 

detection at lanes 9 and 10 (19.53 and 9.77ng). 
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Appendix III – C1GalT1 quantification by mass spectrometry 

report 
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Appendix IV – C1GalT1 SMC assay development report 
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Appendix V – Journal publication arising from this work 

 

Galactosylation of IgA1 Is Associated with Common Variation in C1GALT1 

Gale, D.P., Molyneux, K., Wimbury, D., Higgins, P., Levine, A.P., Caplin, B., 

Ferlin, A., Yin, P., Nelson, C.P., Stanescu, H., Samani, N.J., Kleta, R., Yu, X. 

and Barratt, J. 

Journal of the American Society of Nephrology, 2017, 28(7), pp. 2158-2166 

https://jasn.asnjournals.org/content/28/7/2158.long 

 

  

https://jasn.asnjournals.org/content/28/7/2158.long
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Appendix VI – Conference presentation abstracts arising from 

this work 

The H1 risk haplotype significantly accentuates maturation-dependent 

transcriptional regulation of the C1GALT1 gene in IgA committed B cells 

Wimbury, D.; Molyneux, K. and Barratt, J. 

Oral presentation, 15th International Symposium on IgA Nephropathy 27-

29/09/2018 

Kidney Diseases 2018; 4(3): 109 

Introduction: We have previously reported a linear regression genome wide 

association study (GWAS) which identified alleles at a single locus spanning the 

C1GALT1 gene that were strongly associated with levels of poorly O-

galactosylated IgA1 (H1 haplotype). C1GALT1 encodes the enzyme core 1 

synthase, glycoprotein-N-acetylgalactosamine 3-beta-galactosyltransferase 1 

(C1GALT1), which catalyses the transfer of Galactose (Gal) from UDP-Gal to N-

acetylgalactosamine (GalNAc) O-linked esters of Threonine and Serine residues 

of IgA1. This requires the chaperone Cosmc, encoded by the X-linked gene 

COSMC, which prevents rapid degradation of C1GALT1. In a separate 

quantitative GWAS for serum levels of poorly O-galactosylated IgA1 two 

genome-wide significant loci were identified, in C1GALT1 (as in our GWAS) and 

COSMC. Imputation of all the alleles common to the H1 haplotype using 1000 

Genomes data indicated that there were no common coding variants that were 

over- or under-represented on the H1 haplotype compared with other common 

haplotypes, implying that the biological effect on enzyme activity is mediated by 

differences in gene expression in the presence of the different allotypes. 

Consistent with this we have reported that the changes in immunoglobulin O-

glycosylation seen in IgAN only occur after class switching to IgA synthesis and 

we hypothesise that this is secondary to maturation-dependent transcriptional 

regulation of the C1GALT1 gene. 

Objectives: The objectives here were to determine the effect of class switching 

on expression of C1GALT1 and the impact of the H1 haplotype on maturation-

dependent transcriptional regulation of the C1GALT1 gene. 

Materials and Methods: Peripheral CD19+, CD19+ IgD+ and CD19+ IgA+ B 

cells were sorted from healthy volunteers (n=9) genotyped for the H1 haplotype 
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(using rs4720724, rs758263, rs4263662, rs10259085, rs2190935 and 

rs1008897: 3 homozygous for H1, 3 heterozygous and 3 homozygous negative 

for H1). Total mRNA was isolated from sorted B cell populations and expression 

of C1GALT1, both transcript variants of COSMC and ST6GALNACII, IgA1 heavy 

chain and IgD heavy chain mRNA measured by qPCR.  

Results: Compared to naïve B cells (CD19+ IgD+), CD19+ IgA+ B cells 

expressed lower levels of C1GALT1 mRNA, which was significantly accentuated 

with homozygosity for the H1 haplotype. Furthermore, the H1 haplotype exerted 

no effect on levels of C1GALT1 mRNA in naïve B cells. CD19+ IgA+ B cells also 

displayed significantly higher levels of both transcript variants of COSMC and 

ST6GALNACII when compared to naïve B cells.  

Discussion: These results are consistent with our previous work reporting 

differential O-glycosylation of IgD and IgA1 and are consistent with maturation-

dependent transcriptional regulation of the C1GALT1 gene, and a significant 

influence of the H1 haplotype on this process, in IgA-committed B cells. 

Conclusion: Elucidation of the pathways involved in transcriptional regulation of 

the C1GALT1 gene and the impact of the H1 haplotype on these pathways are 

essential as we try to improve our understanding of the role of IgA1 O-

glycosylation in IgAN. 

 

O-glycosylation of IgA1 is associated with genetic variation of C1GALT1 

Gale, D.; Wimbury, D.; Yin, P.; Higgins, P.; Kleta, R.; Yu, X.; Molyneux, K. and 

Barratt, J. 

Poster presentation, American Society of Nephrology Kidney Week 31/10-

05/11/2016 

IgA nephropathy (IgAN) is characterised by IgA deposition in the glomeruli and 

is an important cause of kidney failure. Its cause is not known but recent work 

has revealed differences in glycosylation of the IgA molecule in patients 

compared with controls. We used a high throughput lectin-based assay of IgA 

galactosylation to measure levels of Galactose-deficient IgA1 (Gd-IgA1) in a 

discovery cohort of 503 UK patients with biopsy-proven IgAN with >5 year follow-

up data and 250 of their healthy parents in 137 complete trios. Findings were 
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replicated in 309 UK patients with membranous glomerulopathy and 1000 

Chinese patients with biopsy proven IgAN. 

Gd-IgA1 levels were higher in UK IgAN patients with progressive kidney damage 

than in any of the other groups. Notably Gd-IgA1 was especially low in 

membranous patients. Heritability (h2), estimated by comparing mid-parental and 

off-spring Gd-IgA1 levels, was 0.28. 

Linear regression genome wide association study in 613 founder members of the 

discovery cohort identified alleles at a single locus, spanning the C1GALT1 gene, 

that was strongly associated with Gd-IgA level (Beta = 0.04; p < 10-8), with no 

other hits across the genome. C1GALT1 encodes a galactosyltransferase 

enzyme known to be important in galactosylation of O-linked glycoproteins. This 

association was replicated in separate cohorts of UK patients with membranous 

glomerulonephritis (p<10-6; combined cohorts p = 10-14) and in a candidate 

gene study Chinese patients with IgAN (p<10-6). The same extended haplotype 

was associated with elevated Gd-IgA1 levels in all cohorts studied.  

In addition to providing robust validation of the assay, these findings demonstrate 

that common variation at C1GALT1 strongly affects Gd-IgA1 level in the 

population, which may influence risk of progression in IgA nephropathy. 

 

Systematic Analysis of IgA1 Glycosylation in IgA Nephropathy, Membranous 

Nephropathy and Healthy Subjects and the Effects of Ethnicity 

Molyneux, K.; Wimbury, D.; Gale, D.; Higgins, P.; Yin, P.; Yu, X. and Barratt, J. 

Oral presentation, American Society of Nephrology Kidney Week 31/10-

05/11/2016 

Background: IgA nephropathy (IgAN) is characterised by the deposition of 

galactose deficient IgA1 (Gd-IgA)-containing immune complexes in the 

mesangium. IgAN is especially common in East Asia, and while the diagnostic 

criteria are the same worldwide, there are marked regional differences in gender 

distribution and clinical outcome , suggesting that the biology of the condition is 

not uniform. The aim of this study was to compare levels of Gd-IgA in serum from 

Caucasian and Chinese patient and control cohorts.  

Methods: An elisa based method was used to measure binding of the lectin Helix 

Aspersa agglutinin to IgA captured from serum from: 1091 UK IgAN patients, 998 
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Chinese IgAN patients, 360 UK membranous nephropathy (MN) patients, 193 

UK controls and 80 Chinese controls.  

Results: Gd-IgA was lower in UK MN patients compared to both IgAN patients 

(p<0.0001) and the healthy controls (p<0.0001) from the UK. Among Chinese 

individuals, Gd-IgA levels were higher in IgAN patients compared to healthy 

controls (p<0.05), but levels were lower in the Chinese compared to the UK 

cohort, in both IgAN patients (p<0.0001) and controls (p<0.0001).  

Discussion: Gd-IgA1 levels are associated with IgAN and in Caucasian and 

Chinese patients but the difference in prevalence of IgAN cannot be attributed to 

differences in Gd-IgA levels between these populations. Results also presented 

at this meeting show that a C1GALT1 haplotype, common in Caucasians but rare 

in Chinese people, is strongly associated with elevated Gd-IgA1 levels and the 

reduced Gd-IgA in the Chinese population is consistent with reduced frequency 

of this haplotype.  These data support the hypothesis that the causes of IgAN 

vary across the world. 

 

Gender differences in serum IgA1 O-galactosylation levels and risk of 

developing progressive IgA nephropathy 

Wimbury, D.; Molyneux, K.; Higgins, P.; Gale, D. and Barratt, J. 

Oral presentation, 5th East Midlands Renal Showcase 18/11/2015 

    IgA nephropathy is a primary glomerulonephritis with variable prognosis 

characterised by the deposition of aberrantly galactosylated IgA in the renal 

mesangium. A number of cases of familial IgAN have been reported suggesting 

a genetic component in the pathophysiology of the condition, though most cases 

are sporadic. A 2:1 gender bias in the diagnosis of IgAN, favouring males, is seen 

in European but not Chinese populations; the cause of this imbalance is not 

understood. Changes in the pattern of serum IgA1 O-galactosylation in IgAN 

patients have been widely reported, however differences between male and 

female patients have not been investigated. 

    The aims of this study were to investigate; 

1. A link between serum IgA1 O-galactosylation and IgAN prognosis  

2. The heritability of IgA1 serum O-galactosylation 

3. Gender differences in serum IgA1 O-galactosylation   
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    Relative levels of serum IgA1 O-galactosylation for 1090 IgAN serum 

samples from the UKGDB, including 296 male and 140 female patients; 136 

complete parent-child trios, 39 parent-child pairs and 193 unrelated spouses 

were measured using an established ELISA-based Helix aspersa (HA) lectin 

binding assay. The unrelated spouses were taken as healthy subjects. The data 

was normally distributed and gender differences analysed using ANOVA and 

unpaired t-tests. For heritability analysis, the data was standardised between 

patients and parents, and analysed by correlation and linear regression; with a 

narrow sense heritability (h2) value closer to 1 giving stronger evidence for the 

involvement of genetic factors. 

    We found patients with progressive IgAN have significantly higher IgA1-

HA lectin binding than both non-progressors and controls (p=<0.005 vs non-

progressors; p=<0.02 vs healthy subjects) strongly indicating that changes in the 

pattern of serum IgA1 O-galactosylation influence the risk of developing 

significant renal impairment in IgAN. Interestingly, when patients are split by 

gender, only female progressors had significantly higher IgA1-HA lectin binding 

than all the other groups. Heritability analysis of the whole patient data set shows 

h2=0.2954, implying that genetic factors have a role in determining the pattern of 

IgA1 O-galactosylation. However, when patients were split by gender, the 

difference in heritability was marked, in males, h2=0.03696 while in females, 

h2=0.8314, giving a very strong indicator the genetic factors involved in the 

pattern of IgA1 O-galactosylation play a larger role in IgAN in females compared 

to males. These results suggest that differences in genetic factors involved in 

IgA1 O-galactosylation between males and females could result in the higher 

prevalence of IgAN seen in males. 

 

The levels of aberrantly galactosylated IgA1 are associated with the risk of 

developing progressive renal disease in IgA nephropathy 

Molyneux, K.; Wimbury, D.; Higgins, T.; Gale, D. and Barratt, J. 

Poster presentation, 52nd ERA-EDTA Renal Congress 

Nephrology Dialysis Transplantation 2015; 30 (suppl 3): iii33 

The UK Glomerulonephritis DNA Bank (UKGDB) IgAN cohort was established in 

2000. Participants of European ancestry were recruited through four UK centres 
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(Glasgow, Leicester, London, and Oxford) through probands with renal biopsy-

proven IgAN <50 years of age at the time of diagnosis and >18 years of age at 

the time of recruitment. Individuals with evidence of liver disease or Henoch-

Schonlein purpura were excluded. Diagnosis was confirmed in all cases by direct 

review of renal biopsy histopathology reports and clinical case records. Where 

available, samples were also collected from the parents of affected individuals 

and, in some cases, other nuclear family members, to enable a study of family-

based association. The UKGDB IgAN cohort comprises 1090 serum samples 

which include 136 complete parent-child trios, 39 parent-child pairs and 193 

unrelated spouses. 

Ten year follow-up data is now available on this cohort and we have used this to 

identify patients with non-progressive IgAN (<10% change in serum creatinine 

over a minimum of 10 years follow-up) and progressive IgAN (>100% increase 

in serum creatinine or ESRD during follow-up). Of the cohort 160 patients 

(33.3%) developed progressive IgAN, 194 patients (40.4%) were non-

progressors, 54 (11.25%) were indeterminate at 10 years follow-up, 72 patients 

(15%) had no follow-up data available. 

Changes in the pattern of IgA1 O-galactosylation in IgAN have been widely 

reported but there is little information in Caucasian populations on the 

relationship of IgA1 O-galactosylation and severity of IgAN. In this study we 

measured relative levels of serum IgA1 O-galactosylation using an established 

ELISA-based Helix aspersa (HA) lectin binding assay. In this assay increasing 

HA lectin binding to IgA1 correlates with lower O-galactosylation of the IgA1 

hinge region. The samples were analysed in duplicate by 2 independent 

scientists achieving a coefficient of variance of <5% between samples. The 

unrelated spouses were taken as healthy subjects. The data was normally 

distributed and was analysed using unpaired t-tests. 

Patients with non-progressive IgAN exhibited the same pattern of IgA1 hinge 

region O-galactosylation as healthy subjects (serum IgA1-HA binding: non-

progressors 0.885 ± 0.01, healthy subjects 0.896 ± 0.01, p=>0.05). By contrast, 

patients who went onto develop progressive renal impairment had significantly 

higher IgA1-HA lectin binding compared to both the non-progressors and healthy 

subjects at recruitment (progressors 0.928 ± 0.01; p=<0.005 vs non-progressors; 

p=<0.05 vs healthy subjects).  
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These observations strongly suggest that changes in the pattern of serum IgA1 

O-galactosylation influence the risk of developing significant renal impairment in 

IgAN. This is consistent with observations correlating IgA1-HA lectin binding with 

severity of renal biopsy features and risk of progression in Chinese cohorts. The 

lack of an association between serum IgA1 O-galactosylation and IgAN in 

patients with non-progressive IgAN suggests that factors in addition to IgA1 hinge 

region O-galactosylation are important in initiating IgA immune complex 

deposition in IgAN. 

 

Serum IgA1 hinge region O-galactosylation is a heritable trait in Caucasians 

Molyneux, K.; Wimbury, D.; Higgins, T.; Gale, D. and Barratt, J. 

Poster presentation, 52nd ERA-EDTA Renal Congress 

Nephrology Dialysis Transplantation 2015; 30 (suppl 3): iii384 

The UK Glomerulonephritis DNA Bank (UKGDB) IgAN cohort was established in 

2000. Participants of European ancestry were recruited through four UK centres 

(Glasgow, Leicester, London, and Oxford) through probands with renal biopsy-

proven IgAN <50 years of age at the time of diagnosis and >18 years of age at 

the time of recruitment. Individuals with evidence of liver disease or Henoch-

Schonlein purpura were excluded. Diagnosis was confirmed in all cases by direct 

review of renal biopsy histopathology reports and clinical case records. Where 

available, samples were also collected from the parents of affected individuals 

and, in some cases, other nuclear family members, to enable a study of family-

based association. The UKGDB IgAN cohort comprises 1090 serum samples, 

including 136 complete parent-child trios and 39 parent-child pairs. 

Changes in the pattern of IgA1 O-galactosylation in IgAN have been widely 

reported. We have presented data previously to show that the pattern of serum 

IgA1 O-galactosylation remains unchanged over time in both healthy subjects 

and patients with IgAN. This observation, along with reports of large pedigrees 

of familial IgAN, increased occurrence of the disease in relatives of affected 

individuals and geographical variations in disease prevalence suggest a genetic 

contribution to the pathogenesis of IgAN and possibly IgA1 O-galactosylation. 

In this study we assessed the heritability of serum IgA1 O-galactosylation by 

measuring relative levels of serum IgA1 O-galactosylation in 136 parent-child 
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trios identified from the UKGDB IgAN cohort using an established ELISA-based 

Helix aspersa (HA) lectin binding assay. In this assay, increasing HA lectin 

binding to IgA1 correlates with lower O-galactosylation of the IgA1 hinge region. 

The samples were analysed in duplicate by 2 independent scientists achieving a 

coefficient of variance of <5% between samples. The data was standardised 

between patients and parents, and analysed by correlation and linear regression. 

Narrow-sense heritability (h2) was 0.2954, strongly implying that genetic factors 

play an important role in determining the pattern of IgA1 O-galactosylation in 

Caucasians. These results are consistent with findings in familial IgAN and 

sporadic IgAN in other ethnic groups. 

Separately, we have also collected data showing that the pattern of serum IgA1 

O-galactosylation in patients with biopsy-proven IgAN and non-progressive 

disease is not significantly different from that seen in healthy subjects. The extent 

of IgA1 O-galactosylation was however significantly associated with the severity 

of renal injury and risk of developing progressive renal failure in IgAN. IgA1 O-

galactosylation therefore appears to be more strongly associated with disease 

severity (or risk of progression) than it is with susceptibility. Together, these 

findings imply that as yet undefined genetic determinants of IgA1 O-

galactosylation may influence the risk of renal failure in IgAN. 
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Appendix VII – Buffers and solutions 

General 

1x PBS 

- 8g NaCl 

- 0.2g KCl 

- 1.15g Na2HPO4 

- 0.2g KH2PO4 

- Dissolved in 1l distilled water 

- Adjusted to pH7.4 

1x TBS 

- 6.06g Tris base 

- 8.77g NaCl 

- Dissolved in 1l distilled water 

- Adjusted to pH7.6 

ELISA 

ELISA coating buffer (0.05M carbonate/bicarbonate, pH9.6) 

- 50ml H2O 

- 0.027g Na2CO3 

- 0.189g NaHCO3 

ELISA wash buffer (PBS/0.3M NaCl/0.1% TWEEN20) 

- 20.75g NaCl 

- 1ml TWEEN20 

- Dissolved in 1l 1x PBS 

OPD substrate 

- 1 OPD tablet (Thermo 34006) 

- Dissolved in 9ml distilled water 

- Addition of 1ml stable peroxide solution (Thermo 34062) immediately 

before use 
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OPD stop solution (1N H2SO4) 

- 972ml distilled water 

- Add 28ml concentrated H2SO4 gradually in a fume hood 

SDS-PAGE 

10% (w/v) SDS 

- 10g SDS 

- Dissolved in 100ml distilled water 

10% APS 

- 0.1g APS 

- Dissolved in 1ml distilled water 

0.5M Tris-HCl, pH6.8 

- 30.285g Tris-HCl 

- Dissolved in 500ml distilled water 

- Adjusted to pH6.8 

1.5M Tris-HCl, pH8.8 

- 90.855g Tris-HCl 

- Dissolved in 500ml distilled water 

- Adjusted to pH8.8 

Stacking and resolving gels 

Component Stacking gel 10% resolving gel 12.5% resolving gel 

Distilled water 3.03ml 3.1ml 3.19ml 

30% (w/v) acrylamide 0.65ml 2.5ml 4.17ml 

0.5M Tris-HCl, pH6.8 1.25ml - - 

1.5M Tris-HCl, pH8.8 - 1.875ml 2.5ml 

10% (w/v) SDS 0.05ml 0.075ml 0.1ml 

10% APS 0.025ml 0.0375ml 0.05ml 

TEMED 0.005ml 0.001ml 0.005ml 
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Non-reducing sample buffer 

- 4.6ml distilled water 

- 1ml 0.5M Tris-HCl pH6.8 

- 0.8ml glycerol 

- 1.6ml 10% (w/v) SDS 

- Bromophenol blue 

Reducing sample buffer 

- 4.2ml distilled water 

- 1ml 0.5M Tris-HCl pH6.8 

- 0.8ml glycerol 

- 1.6ml 10% (w/v) SDS 

- 0.4ml β-mercaptoethanol (added in fume hood) 

- Bromophenol blue 

10x running buffer 

- 30.3g Tris base 

- 144g glycine 

- 10g SDS 

- Dissolved in 1l distilled water 

10x transfer buffer 

- 30.3g Tris base 

- 144g glycine 

- Dissolved in 1l distilled water 

TTBS (1x TBS/0.1% TWEEN20) 

- 1ml TWEEN20 

- Dissolved in 1l 1x TBS 

Cell work 

B cell storage buffer (HBSS/2% FBS) 

- 490ml HBSS 

- 10ml FBS 
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DAKIKI culture media (RPMI 1640/10% FBS) 

- 450ml RPMI 1640 (Gibco) 

- 50ml FBS 
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Appendix VIII – List of suppliers 

Applied Biosystems 

ATCC 

BD Biosciences 

Bio-Rad 

Dako 

eBioscience 

Gibco 

Merck 

Miltenyi Biotec 

NanoString 

New England Biolabs 

NIBSC 

Nunc 

Promega 

ProSpec 

R&D Systems 

Santa Cruz Biotechnology 

Sarstedt 

Sigma-Aldrich 

Stemcell Technologies 

The Binding Site 

Thermo Fisher Scientific 

Zymo Research 



166 
 

Bibliography 

Adlersberg, J.B. (1976) 'The immunoglobulin hinge (interdomain) region', 
Ricerca in clinica e in laboratorio, 6(3), pp. 191. 

Allen, A.C., Bailey, E.M., Brenchley, P.E., Buck, K.S., Barratt, J. and Feehally, 
J. (2001) 'Mesangial IgA1 in IgA nephropathy exhibits aberrant O-
glycosylation: Observations in three patients', Kidney international, 60(3), 
pp. 969-973. 

Allen, A.C., Harper, S.J. and Feehally, J. (1995) 'Galactosylation of N- and O- 
linked carbohydrate moieties of IgA1 and IgG in IgA nephropathy', Clinical 
and experimental immunology, 100(3), pp. 470. 

Allen, A.C., Topham, P.S., Harper, S.J. and Feehally, J. (1997) 'Leucocyte beta 
1,3 galactosyltransferase activity in IgA nephropathy', Nephrology, dialysis, 
transplantation : official publication of the European Dialysis and Transplant 
Association - European Renal Association, 12(4), pp. 701-706. 

Barratt, J., Feehally, J., Glassock, R. and Fervenza, F. (2012) 'Clinical 
presentation and diagnosis of IgA nephropathy', Uptodate.com.Mayo, . 

Barratt, J., Smith, A.C. and Feehally, J. (2012) 'The pathogenic role of IgA1 O-
linked glycosylation in the pathogenesis of IgA nephropathy', Nephrology, 
12(3), pp. 275-284. 

Barratt, J., Bailey, E.M., Buck, K.S., Mailley, J., Moayyedi, P., Feehally, J., 
Turney, J.H., Crabtree, J.E. and Allen, A.C. (1999) 'Exaggerated systemic 
antibody response to mucosal Helicobacter pylori infection in IgA 
nephropathy', American Journal of Kidney Diseases, 33(6), pp. 1049-1057. 

Belnoue, E., Pihlgren, M., Mcgaha, T.L., Tougne, C., Rochat, A., Bossen, C., 
Schneider, P., Huard, B., Lambert, P. and Siegrist, C. (2008) 'APRIL is 
critical for plasmablast survival in the bone marrow and poorly expressed 
by early- life bone marrow stromal cells', Blood, 111(5), pp. 2755. 

Berger, J. and Hinglais, N. (1968) 'Intercapillary deposits of IgA-IgG', Journal of 
the American Society of Nephrology, 74, pp. 694-695. 

Berger, J., Yaneva, H., Nabarra, B. and Barbanel, C. (1975) 'Recurrence of 
mesangial deposition of IgA after renal transplantation', Kidney 
international, 7(4), pp. 232. 

Bergstrom, K.S.B. and Xia, L. (2013) 'Mucin-type O-glycans and their roles in 
intestinal homeostasis', Glycobiology, 23(9), pp. 1026-1037. 

Berthelot, L., Robert, T., Vuiblet, V., Tabary, T., Braconnier, A., Dramé, M., 
Toupance, O., Rieu, P., Monteiro, R.C. and Touré, F. (2015) 'Recurrent IgA 



167 
 

nephropathy is predicted by altered glycosylated IgA, autoantibodies and 
soluble CD89 complexes', Kidney international, 88(4), pp. 815. 

Berthoux, F., Thibaudin, L., Maillard, N., Mariat, C., Suzuki, H., Yanagawa, H., 
Tomino, Y., Julian, B.A. and Novak, J. (2012) 'Autoantibodies targeting 
galactose-deficient IgA1 associate with progression of IgA nephropathy', 
Journal of the American Society of Nephrology, 23(9), pp. 1579-1587. 

Bisceglia, L., Cerullo, G., Forabosco, P., Torres, D.D., Scolari, F., Di Perna, M., 
Foramitti, M., Amoroso, A., Bertok, S., Floege, J., Mertens, P.R., Zerres, K., 
Alexopoulos, E., Kirmizis, D., Ermelinda, M., Zelante, L., Schena, F.P. and 
European IgAN Consortium (2006) 'Genetic Heterogeneity in Italian 
Families with IgA Nephropathy: Suggestive Linkage for Two Novel IgA 
Nephropathy Loci', The American Journal of Human Genetics, 79(6), pp. 
1130-1134. 

Borghesi, L. and Milcarek, C. (2006) 'From B cell to plasma cell: Regulation of 
V(D)J recombination and antibody secretion', Immunologic research, 36(1), 
pp. 27-32. 

Boyd, J.K., Cheung, C.K., Molyneux, K., Feehally, J. and Barratt, J. (2012) 'An 
update on the pathogenesis and treatment of IgA nephropathy', Kidney 
international, 81(9), pp. 833. 

Briskin, M., Winsor-Hines, D., Shyjan, A., Cochran, N., Bloom, S., Wilson, J., 
Mcevoy, L.M., Butcher, E.C., Kassam, N., Mackay, C.R., Newman, W. and 
Ringler, D.J. (1997) 'Human mucosal addressin cell adhesion molecule-1 is 
preferentially expressed in intestinal tract and associated lymphoid tissue', 
The American journal of pathology, 151(1), pp. 97. 

Buchman, A.L. (2001) 'Side effects of corticosteroid therapy', Journal of clinical 
gastroenterology, 33(4), pp. 289-294. 

Buck, K.S., Smith, A.C., Molyneux, K., El-Barbary, H., Feehally, J. and Barratt, 
J. (2008) 'B-cell O-galactosyltransferase activity, and expression of O-
glycosylation genes in bone marrow in IgA nephropathy', Kidney 
international, 73(10), pp. 1128-1136. 

Calame, K. and Shapiro-Shelef, M. (2005) 'Regulation of plasma-cell 
development', Nature Reviews Immunology, 5(3), pp. 230-242. 

Canetta, P.A., Kiryluk, K. and Appel, G.B. (2014) 'Glomerular diseases: 
emerging tests and therapies for IgA nephropathy', Clinical journal of the 
American Society of Nephrology : CJASN, 9(3), pp. 617. 

Cheshire, E. (2011) O-galactosylation of IgA1 from IgA nephropathy patients 
and healthy controls - a longitudinal study. MSc. University of Leicester.  

Chintalacharuvu, K.R., Chuang, P.D., Dragoman, A., Fernandez, C.Z., Qiu, J., 
Plaut, A.G., Trinh, K.R., Gala, F.A. and Morrison, S.L. (2003) 'Cleavage of 



168 
 

the Human Immunoglobulin A1 ( IgA1) Hinge Region by IgA1 Proteases 
Requires Structures in the Fc region of IgA', Infection and immunity, 71(5), 
pp. 2563. 

Coppo, R. (2017) 'Corticosteroids in IgA Nephropathy: Lessons from Recent 
Studies', Journal of the American Society of Nephrology : JASN, 28(1), pp. 
25. 

Coppo, R. and Amore, A. (2004) 'Aberrant glycosylation in IgA nephropathy ( 
IgAN)', Kidney international, 65(5), pp. 1544. 

Coquery, C.M. and Erickson, L.D. (2012) 'Regulatory roles of the tumor 
necrosis factor receptor BCMA', Critical reviews in immunology, 32(4), pp. 
287-305. 

D'Amico, G. (1987) 'The commonest glomerulonephritis in the world: IgA 
nephropathy', The Quarterly journal of medicine, 64(245), pp. 709. 

Darce, J.R., Arendt, B.K., Chang, S.K. and Jelinek, D.F. (2007) 'Divergent 
effects of BAFF on human memory B cell differentiation into Ig- secreting 
cells', Journal of immunology (Baltimore, Md.: 1950), 178(9), pp. 5612. 

Delacroix, D.L., Dive, C., Rambaud, J.C. and Vaerman, J.P. (1982) 'IgA 
subclasses in various secretions and in serum', Immunology, 47(2), pp. 
383-385. 

Dullaers, M., Li, D., Xue, Y., Ni, L., Gayet, I., Morita, R., Ueno, H., Palucka, 
K.A., Banchereau, J. and Oh, S. (2009) 'A T Cell-Dependent Mechanism 
for the Induction of Human Mucosal Homing Immunoglobulin A-Secreting 
Plasmablasts', Immunity, 30(1), pp. 120-129. 

Ebefors, K., Liu, P., Lassnn, E., Elvin, J., Candemark, E., Levan, K., 
Haraldsson, B. and Nystrom, J. (2016) 'Mesangial cells from patients with 
IgA nephropathy have increased susceptibility to galactose- deficient 
IgA1.(Report)', BMC Nephrol., 17(40). 

Eleonora Bertinetto, F., Calafell, F., Roggero, S., Chidichimo, R., Garino, E., 
Marcuccio, C., Coppo, R., Scolari, F., Frasca, G.M., Savoldi, S., Schena, 
F.P., Amoroso, A. and European IgA Nephropathy (2012) 'Search for 
genetic association between IgA nephropathy and candidate genes 
selected by function or by gene mapping at loci IGAN2 and IGAN3', 
Nephrology Dialysis Transplantation, 27(6), pp. 2328-2337. 

Elgueta, R., Benson, M.J., De Vries, V.C., Wasiuk, A., Guo, Y. and Noelle, R.J. 
(2009) 'Molecular mechanism and function of CD40/CD40L engagement in 
the immune system', Immunological reviews, 229(1), pp. 152-172. 

Feederle, R. and Schepers, A. (2017) 'Antibodies specific for nucleic acid 
modifications', RNA Biology, 14(9), pp. 1089-1098. 



169 
 

Feehally, J., Farrall, M., Boland, A., Gale, D.P., Gut, I., Heath, S., Kumar, A., 
Peden, J.F., Maxwell, P.H., Morris, D.L., Padmanabhan, S., Vyse, T.J., 
Zawadzka, A., Rees, A.J., Lathrop, M. and Ratcliffe, P.J. (2010) 'HLA has 
strongest association with IgA nephropathy in genome-wide analysis', 
Journal of the American Society of Nephrology, 21(10), pp. 1791-1797. 

Feehally, J. and Floege, J. (2010) 'IgA Nephropathy and Henoch-Schönlein 
Nephritis', in Anonymous Comprehensive Clinical Nephrology. , pp. 270-
281. 

Fellström, B.,C., Barratt, J., Cook, H., Coppo, R., Feehally, J., de Fijter, J.,W., 
Floege, J., Hetzel, G., Jardine, A.G., Locatelli, F., Maes, B.D., Mercer, A., 
Ortiz, F., Praga, M., Sørensen, S.,S., Tesar, V., Del Vecchio, L. and 
NEFIGAN, T.I. (2017) 'Targeted-release budesonide versus placebo in 
patients with IgA nephropathy (NEFIGAN): a double-blind, randomised, 
placebo-controlled phase 2b trial', . 

Fennelly, N.K., Kennedy, C., Jenkinson, A.C., Connaughton, D.M., Stapleton, 
C., Dorman, A.M., Doyle, B. and Conlon, P.J. (2018) 'Clinical heterogeneity 
in familial iga nephropathy', Nephron, 139(1), pp. 63-69. 

Floege, J. and Feehally, J. (2016) 'The mucosa-kidney axis in IgA nephropathy', 
Nature Reviews Nephrology, 12(3), pp. 147-156. 

Freymond, P., Lazarevic, V., Soldo, B. and Karamata, D. (2006) 'Poly(glucosyl-
N-acetylgalactosamine 1-phosphate), a wall teichoic acid of Bacillus subtilis 
168: its biosynthetic pathway and mode of attachment to 
peptidoglycan.(Author abstract)', Microbiology, 152(6), pp. 1709. 

Gale, D.P., Molyneux, K., Wimbury, D., Higgins, P., Levine, A.P., Caplin, B., 
Ferlin, A., Yin, P., Nelson, C.P., Stanescu, H., Samani, N.J., Kleta, R., Yu, 
X. and Barratt, J. (2017) 'Galactosylation of IgA1 Is Associated with 
Common Variation in C1GALT1', Journal of the American Society of 
Nephrology, 28(7), pp. 2158-2166. 

García-Vallejo, J.J., Van Het Hof, B., Robben, J., Van Wijk, J.A.E., Van Die, I., 
Joziasse, D.H. and Van Dijk, W. (2004) 'Approach for defining endogenous 
reference genes in gene expression experiments', Analytical Biochemistry, 
329(2), pp. 293-299. 

Gary, K.G., Roger, E.B., Birditt, B., Dahl, T., Dowidar, N., Dwayne, L.D., H, 
P.F., Ferree, S., Renee, D.G., Grogan, T., Jeffrey, J.J., Maysuria, M., 
Jeffrey, D.M., Oliveri, P., Jennifer, L.O., Peng, T., Amber, L.R., Philippa, 
J.W., Eric, H.D., Hood, L. and Dimitrov, K. (2008) 'Direct multiplexed 
measurement of gene expression with color-coded probe pairs', Nature 
biotechnology, 26(3), pp. 317. 

Geddes, C.C., Rauta, V., Gronhagen-Riska, C., Bartosik, L.P., Jardine, A.G., 
Ibels, L.S., Pei, Y. and Cattran, D.C. (2003) 'A tricontinental view of IgA 
nephropathy', Nephrology Dialysis Transplantation, 18(8), pp. 1541-1548. 



170 
 

Gharavi, A.G., Kiryluk, K., Choi, M., Li, Y., Hou, P., Xie, J., Sanna-Cherchi, S., 
Men, C.J., Julian, B.A., Wyatt, R.J., Novak, J., He, J.C., Wang, H., Lv, J., 
Zhu, L., Wang, W., Wang, Z., Yasuno, K., Gunel, M., Mane, S., Umlauf, S., 
Tikhonova, I., Beerman, I., Savoldi, S., Magistroni, R., Ghiggeri, G.M., 
Bodria, M., Lugani, F., Ravani, P., Ponticelli, C., Allegri, L., Boscutti, G., 
Frasca, G., Amore, A., Peruzzi, L., Coppo, R., Izzi, C., Viola, B.F., Prati, E., 
Salvadori, M., Mignani, R., Gesualdo, L., Bertinetto, F., Mesiano, P., 
Amoroso, A., Scolari, F., Chen, N., Zhang, H. and Lifton, R.P. (2011) 
'Genome-wide association study identifies susceptibility loci for IgA 
nephropathy', Nature genetics, 43(4), pp. 321-327. 

Gharavi, A.G., Moldoveanu, Z., Wyatt, R.J., Barker, C.V., Woodford, S.Y., 
Lifton, R.P., Mestecky, J., Novak, J. and Julian, B.A. (2008) 'Aberrant IgA1 
glycosylation is inherited in familial and sporadic IgA nephropathy', Journal 
of the American Society of Nephrology : JASN, 19(5), pp. 1008. 

Gharavi, A.G., Yan, Y., Scolari, F., Paolo Schena, F., Frasca, G.M., Gian, M.G., 
Cooper, K., Amoroso, A., Battista, F.V., Battini, G., Caridi, G., Canova, C., 
Farhi, A., Subramanian, V., Carol Nelson-Williams, Woodford, S., Julian, 
B.A., Wyatt, R.J. and Lifton, R.P. (2000) 'IgA nephropathy, the most 
common cause of glomerulonephritis, is linked to 6q22–23', Nature 
genetics, 26(3), pp. 354. 

Gomes, M.M., Suzuki, H., Brooks, M.T., Tomana, M., Moldoveanu, Z., 
Mestecky, J., Julian, B.A., Novak, J. and Herr, A.B. (2010) 'Recognition of 
galactose-deficient O-glycans in the hinge region of IgA1 by N-
acetylgalactosamine-specific snail lectins: a comparative binding study', 
Biochemistry, 49(27), pp. 5671. 

Harduin-Lepers, A., Vallejo-Ruiz, V., Krzewinski-Recchi, M., Samyn-Petit, B., 
Julien, S. and Delannoy, P. (2001) 'The human sialyltransferase family', 
Biochimie, 83(8), pp. 727-737. 

Hastings, M.C., Sanders, J.T., Wyatt, R.J., McGlothan, K.R., Moldoveanu, Z., 
Julian, B.A., Novak, J. and Gharavi, A.G. (2010) 'Galactose- deficient IgA1 
in African Americans with IgA nephropathy: Serum levels and heritability', 
Clinical Journal of the American Society of Nephrology, 5(11), pp. 2069-
2074. 

He, B., Xu, W., Santini, P.A., Polydorides, A.D., Chiu, A., Estrella, J., Shan, M., 
Chadburn, A., Villanacci, V., Plebani, A., Knowles, D.M., Rescigno, M. and 
Cerutti, A. (2007) 'Intestinal Bacteria Trigger T Cell-Independent 
Immunoglobulin A 2 Class Switching by Inducing Epithelial-Cell Secretion 
of the Cytokine APRIL', Immunity, 26(6), pp. 812-826. 

Hiki, Y. (2009) 'O - linked oligosaccharides of the IgA1 hinge region: roles of its 
aberrant structure in the occurrence and/or progression of IgA 
nephropathy', Clinical and Experimental Nephrology; Official Publication of 
the Japan Society of Nephrology, 13(5), pp. 415-423. 



171 
 

Hirano, T., Yonekubo, I., Shimo, K. and Mizuguchi, J. (2003) 'CD27 synergizes 
with CD40 to induce IgM, IgG, and IgA antibody responses of peripheral 
blood B cells in the presence of IL- 2 and IL- 10', Immunology letters, 89(2), 
pp. 251-257. 

Inoue, T., Sugiyama, H., Hiki, Y., Takiue, K., Morinaga, H., Kitagawa, M., 
Maeshima, Y., Fukushima, K., Nishizaki, K., Akagi, H., Narimatsu, Y., 
Narimatsu, H. and Makino, H. (2010) 'Differential expression of glycogenes 
in tonsillar B lymphocytes in association with proteinuria and renal 
dysfunction in IgA nephropathy', Clinical Immunology, 136(3), pp. 447-455. 

Iwasaki, H., Zhang, Y., Tachibana, K., Gotoh, M., Kikuchi, N., Kwon, Y., 
Togayachi, A., Kudo, T., Kubota, T. and Narimatsu, H. (2003a) 'Initiation of 
O-glycan synthesis in IgA1 hinge region is determined by a single enzyme, 
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-
acetylgalactosaminyltransferase 2', The Journal of biological chemistry, 
278(8), pp. 5613-5621. 

Iwasaki, H., Zhang, Y., Tachibana, K., Gotoh, M., Kikuchi, N., Kwon, Y., 
Togayachi, A., Kudo, T., Kubota, T. and Narimatsu, H. (2003b) 'Initiation of 
O-glycan synthesis in IgA1 hinge region is determined by a single enzyme, 
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-
acetylgalactosaminyltransferase 2', The Journal of biological chemistry, 
278(8), pp. 5613. 

Johansen, Braathen and Brandtzaeg (2000) 'Role of J Chain in Secretory 
Immunoglobulin Formation', Scandinavian Journal of Immunology, 52(3), 
pp. 240-248. 

Ju, T., Brewer, K., Souza, A.D., Cummings, R.D. and Canfield, W.M. (2002) 
'Cloning and expression of human core 1 ß1,3-galactosyltransferase', 
Journal of Biological Chemistry, 277(1), pp. 178-186. 

Ju, T.Z. and Cummings, R.D. (2002) 'A unique molecular chaperone Cosmc 
required for activity of the mammalian core 1 beta 3-galactosyltransferase', 
Proceedings of the National Academy of Sciences of the United States of 
America, 99(26), pp. 16613-16618. 

Kaneko, Y., Otsuka, T., Tsuchida, Y., Gejyo, F. and Narita, I. (2012) 'Integrin 
a1/ß1 and a2/ß1 as a receptor for IgA1 in human glomerular mesangial 
cells in IgA nephropathy', International immunology, 24(4), pp. 219-232. 

Kantele, J.M., Kantele, A. and Arvilommi, H. (1996) 'Circulating 
immunoglobulin-secreting cells are heterogeneous in their expression of 
maturation markers and homing receptors', Clinical and experimental 
immunology, 104(3), pp. 525-530. 

Karnib, H.H., Sanna-Cherchi, S., Zalloua, P.A., Medawar, W., D’Agati, V.D., 
Lifton, R.P., Badr, K. and Gharavi, A.G. (2007) 'Characterization of a large 
Lebanese family segregating IgA nephropathy', 22(3), pp. 772-777. 



172 
 

Kiryluk, K., Li, Y., Scolari, F., Sanna-Cherchi, S., Choi, M., Verbitsky, M., Fasel, 
D., Lata, S., Prakash, S., Shapiro, S., Fischman, C., Snyder, H.J., Appel, 
G., Izzi, C., Viola, B.F., Dallera, N., Del Vecchio, L., Barlassina, C., Salvi, 
E., Bertinetto, F.E., Amoroso, A., Savoldi, S., Rocchietti, M., Amore, A., 
Peruzzi, L., Coppo, R., Salvadori, M., Ravani, P., Magistroni, R., Ghiggeri, 
G.M., Caridi, G., Bodria, M., Lugani, F., Allegri, L., Delsante, M., Maiorana, 
M., Magnano, A., Frasca, G., Boer, E., Boscutti, G., Ponticelli, C., Mignani, 
R., Marcantoni, C., Di Landro, D., Santoro, D., Pani, A., Polci, R., Feriozzi, 
S., Chicca, S., Galliani, M., Gigante, M., Gesualdo, L., Zamboli, P., 
Battaglia, G.G., Garozzo, M., Maixnerová, D., Tesar, V., Eitner, F., Rauen, 
T., Floege, J., Kovacs, T., Nagy, J., Mucha, K., Pączek, L., Zaniew, M., 
Mizerska-Wasiak, M., Roszkowska-Blaim, M., Pawlaczyk, K., Gale, D., 
Barratt, J., Thibaudin, L., Berthoux, F., Canaud, G., Boland, A., Metzger, 
M., Panzer, U., Suzuki, H., Goto, S., Narita, I., Caliskan, Y., Xie, J., Hou, P., 
Chen, N., Zhang, H., Wyatt, R.J., Novak, J., Julian, B.A., Feehally, J., 
Stengel, B., Cusi, D., Lifton, R.P. and Gharavi, A.G. (2014) 'Discovery of 
new risk loci for IgA nephropathy implicates genes involved in immunity 
against intestinal pathogens', Nature genetics, 46(11), pp. 1187-1196. 

Kiryluk, K., Li, Y., Moldoveanu, Z., Suzuki, H., Reily, C., Hou, P., Xie, J., 
Mladkova, N., Prakash, S., Fischman, C., Shapiro, S., LeDesma, R.A., 
Bradbury, D., Ionita-Laza, I., Eitner, F., Rauen, T., Maillard, N., Berthoux, 
F., Floege, J., Chen, N., Zhang, H., Scolari, F., Wyatt, R.J., Julian, B.A., 
Gharavi, A.G. and Novak, J. (2017) 'GWAS for serum galactose-deficient 
IgA1 implicates critical genes of the O-glycosylation pathway.(Research 
Article)(genome-wide association study)(Report)', PLoS Genetics, 13(2), 
pp. e1006609. 

Kiryluk, K., Li, Y., Sanna-Cherchi, S., Rohanizadegan, M., Suzuki, H., Eitner, F., 
Snyder, H.J., Choi, M., Hou, P., Scolari, F., Izzi, C., Gigante, M., Gesualdo, 
L., Savoldi, S., Amoroso, A., Cusi, D., Zamboli, P., Julian, B.A., Novak, J., 
Wyatt, R.J., Mucha, K., Perola, M., Kristiansson, K., Viktorin, A., 
Magnusson, P.K., Thorleifsson, G., Thorsteinsdottir, U., Stefansson, K., 
Boland, A., Metzger, M., Thibaudin, L., Wanner, C., Jager, K.J., Goto, S., 
Maixnerova, D., Karnib, H.H., Nagy, J., Panzer, U., Xie, J., Chen, N., Tesar, 
V., Narita, I., Berthoux, F., Floege, J., Stengel, B., Zhang, H., Lifton, R.P. 
and Gharavi, A.G. (2012) 'Geographic differences in genetic susceptibility 
to IgA nephropathy: GWAS replication study and geospatial risk analysis', 
PLoS genetics, 8(6), pp. e1002765. 

Kiryluk, K., Moldoveanu, Z., John, T.S., T, M.E., Suzuki, H., Bruce, A.J., Novak, 
J., Ali, G.G. and Robert, J.W. (2011) 'Aberrant glycosylation of IgA1 is 
inherited in both pediatric IgA nephropathy and Henoch–Schönlein purpura 
nephritis', Kidney international, 80(1), pp. 79. 

Kiryluk, K., Moldoveanu, Z., Sanders, J.T., Eison, T.M., Suzuki, H., Julian, B.A., 
Novak, J., Gharavi, A.G. and Wyatt, R.J. (2011) 'Aberrant glycosylation of 
IgA1 is inherited in both pediatric IgA nephropathy and Henoch–Schönlein 
purpura nephritis', Kidney international, 80(1), pp. 79-87. 



173 
 

Kiryluk, K. and Novak, J. (2014) 'The genetics and immunobiology of IgA 
nephropathy', The Journal of clinical investigation, 124(6), pp. 2325-2332. 

Kokubo, T., Hiki, Y., Iwase, H., Horii, A., Tanaka, A., Nishikido, J., Hotta, K. and 
Kobayashi, Y. (1997) 'Evidence for involvement of IgA1 hinge glycopeptide 
in the IgA1-IgA1 interaction in IgA nephropathy', Journal of the American 
Society of Nephrology, 8(6), pp. 915-919. 

Lafarge, S., Hamzeh‐Cognasse, H., Richard, Y., Pozzetto, B., Cogné, M., 
Cognasse, F. and Garraud, O. (2011) 'Complexes between nuclear factor‐
κB p65 and signal transducer and activator of transcription 3 are key actors 
in inducing activation‐induced cytidine deaminase expression and 
immunoglobulin A production in CD40L plus interleukin‐ 10‐treated human 
blood B cells', Clinical & Experimental Immunology, 166(2), pp. 171-183. 

Lavigne, K.A., Woodford, S.Y., Barker, C.V., Julian, B.A., Novak, J., 
Moldoveanu, Z., Gharavi, A.G. and Wyatt, R.J. (2010) 'Familial IgA 
nephropathy in southeastern Kentucky', Clinical nephrology, 73(2), pp. 115-
121. 

Legler, D.F., Loetscher, M., Roos, R.S., Clark-Lewis, I., Baggiolini, M. and 
Moser, B. (1998) 'B Cell–attracting Chemokine 1, a Human CXC 
Chemokine Expressed in Lymphoid Tissues, Selectively Attracts B 
Lymphocytes via BLR1/CXCR5', The Journal of experimental medicine, 
187(4), pp. 655-660. 

Lei, Y., Yu, H., Dong, Y., Yang, J., Ye, W., Wang, Y., Chen, W., Jia, Z., Xu, Z., 
Li, Z. and Zhang, F. (2015) 'Characterization of N-Glycan Structures on the 
Surface of Mature Dengue 2 Virus Derived from Insect Cells', PLoS ONE, 
10(7), pp. e0132122. 

Li, G.-., Zhang, H., Lv, J.-., Shen, Y. and Wang, H.-. (2007) 'Variants of 
C1GALT1 gene are associated with the genetic susceptibility to IgA 
nephropathy', Kidney international, 71(5), pp. 448-453. 

Li, M., Jia-Nee Foo, Jin-Quan Wang, Hui-Qi Low, Xue-Qing Tang, Kai-Yee Toh, 
Pei-Ran Yin, Chiea-Chuen Khor, Yu-Fen Goh, Irwan, I.D., Ri-Cong Xu, 
Andiappan, A.K., Jin-Xin Bei, Rotzschke, O., Meng-Hua Chen, Ching-Yu 
Cheng, Liang-Dan Sun, Geng-Ru Jiang, Tien-Yin Wong, Hong-Li Lin, 
Aung, T., Yun-Hua Liao, Seang-Mei Saw, Ye, K., Ebstein, R.P., Qin-Kai 
Chen, Shi, W., Soo-Hong Chew, Chen, J., Fu-Ren Zhang, Sheng-Ping Li, 
Xu, G., Shyong Tai, E., Wang, L., Chen, N., Xue-Jun Zhang, Yi-Xin Zeng, 
Zhang, H., Zhi-Hong Liu, Xue-Qing Yu and Jian-Jun Liu (2015) 
'Identification of new susceptibility loci for IgA nephropathy in Han Chinese', 
Nature Communications, 6(1). 

Li, W.L. and Lu, C. (2015) 'Association between C1GALT1 variants and genetic 
susceptibility to IgA nephropathy in Uygur', Genetics and Molecular 
Research, 14(2), pp. 5327-5333. 



174 
 

Lin, J.-., Wen, J., Zhang, H., Wang, L., Gou, F.-., Yang, M. and Fan, J.-. (2018) 
'Interleukin-17 promotes the production of underglycosylated IgA1 in 
DAKIKI cells', Renal failure, 40(1), pp. 60-67. 

Litinskiy, M.B., Nardelli, B., Hilbert, D.M., He, B., Schaffer, A., Casali, P. and 
Cerutti, A. (2002) 'DCs induce CD40-independent immunoglobulin class 
switching through BLyS and APRIL', Nature immunology, 3(9), pp. 822-
829. 

Livak, K.J. and Schmittgen, T.D. (2001) 'Analysis of Relative Gene Expression 
Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method', 
Methods; Methods, 25(4), pp. 402-408. 

Lomax-Browne, H., Visconti, A., Pusey, C.D., Cook, H.T., Spector, T.D., 
Pickering, M.C. and Falchi, M. (2016) 'IgA1 Glycosylation Is Heritable in 
Healthy Twins', Journal of the American Society of Nephrology, . 

Maecker, H.T. and Trotter, J. (2006) 'Flow cytometry controls, instrument setup, 
and the determination of positivity', Cytometry Part A, 69A(9), pp. 1037-
1042. 

Maixnerova, D., Reily, C., Bian, Q., Neprasova, M., Novak, J. and Tesar, V. 
(2016) 'Markers for the progression of IgA nephropathy', Journal of 
nephrology, 29(4), pp. 535-541. 

Malycha, F., Eggermann, T., Hristov, M., Schena, F.P., Mertens, P.R., Zerres, 
K., Floege, J. and Eitner, F. (2009) 'No evidence for a role of cosmc-
chaperone mutations in European IgA nephropathy patients', Nephrology 
Dialysis Transplantation, 24(1), pp. 321-324. 

Marconi, M., Plebani, A., Avanzini, M.A., Maccario, R., Pistorio, A., Duse, M., 
Stringa, M. and Monafo, V. (1998) 'IL-10 and IL-4 co-operate to normalize 
in vitro IgA production in IgA- deficient (IgAD) patients', Clinical and 
experimental immunology, 112(3), pp. 528-532. 

Mark Ansel, K., Ngo, V.N., Hyman, P.L., Luther, S.A., Reinhold Förster, 
Sedgwick, J.D., Browning, J.L., Lipp, M. and Cyster, J.G. (2000) 'A 
chemokine-driven positive feedback loop organizes lymphoid follicles', 
Nature, 406(6793), pp. 309. 

Marsters, S.A., Yan, M., Pitti, R.M., Haas, P.E., Dixit, V.M. and Ashkenazi, A. 
(2000) 'Interaction of the TNF homologues BLyS and APRIL with the TNF 
receptor homologues BCMA and TACI', Current Biology, 10(13), pp. 785-
788. 

Martin, F. and Kearney, J.F. (2002) 'Marginal-zone B cells', Nature Reviews 
Immunology, 2(5), pp. 323-335. 

McCarthy, D.D., Kujawa, J., Wilson, C., Papandile, A., Poreci, U., Porfilio, E.A., 
Ward, L., Lawson, M.A.E., Macpherson, A.J., McCoy, K.D., Pei, Y., Novak, 



175 
 

L., Lee, J.Y., Julian, B.A., Novak, J., Ranger, A., Gommerman, J.L. and 
Browning, J.L. (2011) 'Mice overexpressing BAFF develop a commensal 
flora-dependent, IgA-associated nephropathy', The Journal of clinical 
investigation, 121(10), pp. 3991-4002. 

McGrogan, A., Franssen, C.F.M. and de Vries, C.S. (2011) 'The incidence of 
primary glomerulonephritis worldwide: a systematic review of the literature', 
Nephrology, dialysis, transplantation : official publication of the European 
Dialysis and Transplant Association - European Renal Association, 26(2), 
pp. 414-430. 

McQuarrie, E.P., Mackinnon, B., Young, B., Yeoman, L., Stewart, G., Fleming, 
S., Robertson, S., Simpson, K., Fox, J. and Geddes, C.C. (2009) 'Centre 
variation in incidence, indication and diagnosis of adult native renal biopsy 
in Scotland', Nephrology Dialysis Transplantation, 24(5), pp. 1524-1528. 

Mellis, S.J. and Baenziger, J.U. (1983) 'Structures of the O-glycosidically linked 
oligosaccharides of human IgD', The Journal of biological chemistry, 
258(19), pp. 11557. 

Mestecky, J., Tomana, M., Moldoveanu, Z., Julian, B.A., Suzuki, H., 
Matousovic, K., Renfrow, M.B., Novak, L., Wyatt, R. and Novak, J. (2008) 
'Role of aberrant glycosylation of IgA1 molecules in the pathogenesis of IgA 
nephropathy', Kidney Blood Press.Res., 31(1), pp. 29-37. 

Mestecky, J., Raska, M., Julian, B.A., Gharavi, A.G., Renfrow, M.B., 
Moldoveanu, Z., Novak, L., Matousovic, K. and Novak, J. (2013) 'IgA 
Nephropathy: Molecular Mechanisms of the Disease', Annual Review of 
Pathology: Mechanisms of Disease; Annu.Rev.Pathol.Mech.Dis., 8(1), pp. 
217-240. 

Moldoveanu, Z., Wyatt, R.J., Lee, J.Y., Tomana, M., Julian, B.A., Mestecky, J., 
Huang, W., Anreddy, S.R., Hall, S., Hastings, M.C., Lau, K.K., Cook, W.J. 
and Novak, J. (2007) 'Patients with IgA nephropathy have increased serum 
galactose-deficient IgA1 levels', Kidney international, 71(11), pp. 1148-
1154. 

Molyneux, K., Wimbury, D., Pawluczyk, I., Muto, M., Bhachu, J., Mertens, P.R., 
Feehally, J. and Barratt, J. (2017) 'ß1,4-galactosyltransferase 1 is a novel 
receptor for IgA in human mesangial cells', Kidney international, 92(6), pp. 
1458-1468. 

Moore, J.S., Kulhavy, R., Tomana, M., Moldoveanu, Z., Suzuki, H., Brown, R., 
Hall, S., Kilian, M., Poulsen, K., Mestecky, J., Julian, B.A. and Novak, J. 
(2007) 'Reactivities of N-acetylgalactosamine-specific lectins with human 
IgA1 proteins', Molecular immunology, 44(10), pp. 2598-2604. 

Mora, J.R. and von Andrian, U.H. (2008) 'Differentiation and homing of IgA-
secreting cells', Mucosal Immunology, 1(2), pp. 96-109. 



176 
 

Moura, I.C., Centelles, M.N., Arcos-Fajardo, M., Malheiros, D.M., Collawn, J.F., 
Cooper, M.D. and Monteiro, R.C. (2001) 'Identification of the transferrin 
receptor as a novel immunoglobulin (Ig)A1 receptor and its enhanced 
expression on mesangial cells in IgA nephropathy', The Journal of 
experimental medicine, 194(4), pp. 417. 

Moura, I.C., Arcos-Fajardo, M., Gdoura, A., Leroy, V., Sadaka, C., Mahlaoui, 
N., Lepelletier, Y., Vrtovsnik, F., Haddad, E., Benhamou, M. and Monteiro, 
R.C. (2005) 'Engagement of transferrin receptor by polymeric IgA1: 
evidence for a positive feedback loop involving increased receptor 
expression and mesangial cell proliferation in IgA nephropathy', Journal of 
the American Society of Nephrology : JASN, 16(9), pp. 2667. 

Moura, I.C., Arcos-Fajardo, M., Sadaka, C., Leroy, V., Benhamou, M., Novak, 
J., Vrtovsnik, F., Haddad, E., Chintalacharuvu, K.R. and Monteiro, R.C. 
(2004) 'Glycosylation and size of IgA1 are essential for interaction with 
mesangial transferrin receptor in IgA nephropathy', Journal of the American 
Society of Nephrology : JASN, 15(3), pp. 622. 

Nakache, M., Ellen, L.B., Streeter, P.R. and Butcher, E.C. (1989) 'The mucosal 
vascular addressin is a tissue-specific endothelial cell adhesion molecule 
for circulating lymphocytes', Nature, 337(6203), pp. 179. 

Novak, J., Desilva, T., Coward, L., Kirk, M., Novak, L., Kulhavy, R., Matousovic, 
K., Kim, H., Barnes, S., Julian, B.A., Mestecky, J. and Tomana, M. (2002) 
'Galactose (Gal)-deficient IgA1- containing circulating immune complexes 
(CIC) from IgA nephropathy (IgAN) patients and PDGF induce vimentin 
isoforms in vitro in mesangial cells', Journal Of The American Society Of 
Nephrology; J.Am.Soc.Nephrol., 13, pp. 471A-471A. 

Novak, J., Tomana, M., Matousovic, K., Novak, Z., Brown, R., Hall, S., Novak, 
L., Julian, B.A., Wyatt, R. and Mestecky, J. (2003) 'Galactose (Gal-) 
deficient IgA1- containing circulating immune complexes (CIC) from IgA 
nephropathy (IgAN) patients differentially stimulate or inhibit proliferation of 
human mesangial cells (MC) and induce production of cytokines and 
chemokines', Journal Of The American Society Of Nephrology; 
J.Am.Soc.Nephrol., 14, pp. 631A-631A. 

Novak, J., Julian, B.A., Tomana, M. and Mestecky, J. (2008) 'IgA Glycosylation 
and IgA Immune Complexes in the Pathogenesis of IgA Nephropathy', 
Seminars in nephrology, 28(1), pp. 78-87. 

Novak, J., Julian, B., Mestecky, J. and Renfrow, M. (2012) 'Glycosylation of 
IgA1 and pathogenesis of IgA nephropathy', Seminars in 
Immunopathology, 34(3), pp. 365-382. 

Novak, J., Kafkova, L.R., Suzuki, H., Tomana, M., Matousovic, K., Brown, R., 
Hall, S., Sanders, J.T., Eison, T.M., Moldoveanu, Z., Novak, L., Novak, Z., 
Mayne, R., Julian, B.A., Mestecky, J. and Wyatt, R.J. (2011) 'IgA1 immune 
complexes from pediatric patients with IgA nephropathy activate cultured 



177 
 

human mesangial cells', Nephrology Dialysis Transplantation, 26(11), pp. 
3451-3457. 

Novak, J., Tomana, M., Brown, R., Hall, S., Novak, L., Julian, B.A., Wyatt, R.J., 
Mestecky, J. and Matousovic, K. (2005) 'IgA1-containing immune 
complexes in IgA nephropathy differentially affect proliferation of mesangial 
cells', Kidney international, 67(2), pp. 504-513. 

Odani, H., Yamamoto, K., Iwayama, S., Iwase, H., Takasaki, A., Takahashi, K., 
Fujita, Y., Sugiyama, S. and Hiki, Y. (2010) 'Evaluation of the specific 
structures of IgA1 hinge glycopeptide in 30 IgA nephropathy patients by 
mass spectrometry', Journal of nephrology, 23(1), pp. 70. 

Odum, J., Peh, C.A., Clarkson, A.R., Bannister, K.M., Seymour, A.E., Gillis, D., 
Thomas, A.C., Mathew, T.H. and Woodroffe, A.J. (1994) 'Recurrent 
mesangial IgA nephritis following renal transplantation', Nephrology, 
dialysis, transplantation : official publication of the European Dialysis and 
Transplant Association - European Renal Association, 9(3), pp. 309. 

Oh, Y., An, J., Kim, C.T., Yang, S., Lee, H., Kim, D., Joo, K., Paik, J., Kang, S., 
Park, J., Lim, C.S., Kim, Y. and Lee, J.P. (2015) 'Circulating Tumor 
Necrosis Factor a Receptors Predict the Outcomes of Human IgA 
Nephropathy: A Prospective Cohort Study', Plos One; PLoS One, 10(7). 

Pabst, O. (2012) 'New concepts in the generation and functions of IgA', Nature 
Reviews Immunology, 12(12), pp. 821-832. 

Paterson, A.D., Liu, X., Wang, K., Magistroni, R., Song, X., Kappel, J., Klassen, 
J., Cattran, D., St George-Hyslop, P. and Pei, Y. (2007) 'Genome-wide 
linkage scan of a large family with IgA nephropathy localizes a novel 
susceptibility locus to chromosome 2q36', Journal of the American Society 
of Nephrology : JASN, 18(8), pp. 2408. 

Perez‐Andres, M., Paiva, B., Nieto, W.G., Caraux, A., Schmitz, A., Almeida, J., 
Vogt, R.F., Marti, G.E., Rawstron, A.C., Van Zelm, M.C., Van Dongen, J. J. 
M., Johnsen, H.E., Klein, B. and Orfao, A. (eds.) (2010) Human peripheral 
blood B‐cell compartments: A crossroad in B‐cell traffic. Hoboken: . 

Pieper, K., Grimbacher, B. and Eibel, H. (2013) 'B-cell biology and 
development', Journal of Allergy and Clinical Immunology, 131(4), pp. 959-
971. 

Pirulli, D., Crovella, S., Ulivi, S., Zadro, C., Bertok, S., Rendine, S., Scolari, F., 
Foramitti, M., Ravani, P., Roccatello, D., Savoldi, S., Cerullo, G., Lanzilotta, 
S.G., Bisceglia, L., Zelante, L., Floege, J., Alexopoulos, E., Kirmizis, D., 
Ghiggeri, G.M., Frasca, G., Schena, F.P., Amoroso, A. and European IgAN 
Consortium (2009) 'Genetic variant of C1GalT1 contributes to the 
susceptibility to IgA nephropathy', Journal of nephrology, 22(1), pp. 152-
159. 



178 
 

Placzek, W.J., Yanagawa, H., Makita, Y., Renfrow, M.B., Julian, B.A., Rizk, 
D.V., Suzuki, Y., Novak, J. and Suzuki, H. (2018) 'Serum galactose-
deficient-IgA1 and IgG autoantibodies correlate in patients with IgA 
nephropathy', PLoS ONE, 13(1). 

Ponticelli, C. and Glassock, R.J. (2010) 'Posttransplant Recurrence of Primary 
Glomerulonephritis', Clinical Journal of the American Society of 
Nephrology, 5(12), pp. 2363-2372. 

Pouria, S. and Barratt, J. (2008) 'Secondary IgA Nephropathy', Seminars in 
nephrology, 28(1), pp. 27-37. 

Qin, W., Zhou, Q., Yang, L.-., Li, Z., Su, B.-., Luo, H. and Fan, J.-. (2005) 
'Peripheral B lymphocyte ß1,3-galactosyltransferase and chaperone 
expression in immunoglobulin A nephropathy', Journal of internal medicine, 
258(5), pp. 467-477. 

Raska, M., Suzuki, H., Moldoveanu, Z., Tomana, M., Mestecky, J., Wyatt, R., 
Julian, B. and Novak, J. (2008) 'Aberrant Glycosylation of IgA1 and 
Production of Immunocomplexes in IgA Nephropathy as a Possible Result 
of Atypical Sialylation of IgA1 by ST6-GalNAc II Enzyme in Lymphocytes', 
Kidney & blood pressure research; Kidney Blood Pressure Res., 31(6), pp. 
383-383. 

Robillard, N., Wuillème, S., Béné, M.C. and Moreau, P. (2014) 
'Immunophenotype of normal and myelomatous plasma- cell subsets', 
Frontiers in Immunology, 31(5), pp. 137. 

Rowland, S.L., Leahy, K.F., Halverson, R., Torres, R.M. and Pelanda, R. (2010) 
'BAFF receptor signaling aids the differentiation of immature B cells into 
transitional B cells following tonic BCR signaling', Journal of immunology 
(Baltimore, Md.: 1950), 185(8), pp. 4570. 

Royle, L., Roos, A., Harvey, D.J., Wormald, M.R., van Gijlswijk-Janssen, D., 
Redwan, E.M., Wilson, I.A., Daha, M.R., Dwek, R.A. and Rudd, P.M. (2003) 
'Secretory IgA N- and O-glycans provide a link between the innate and 
adaptive immune systems', The Journal of biological chemistry, 278(22), 
pp. 20140. 

Saha, M.K., Julian, B.A., Novak, J. and Rizk, D.V. (2018) 'Secondary IgA 
nephropathy', Kidney international; Kidney international, 94(4), pp. 674-
681. 

Sakai, Y. and Kobayashi, M. (2015) 'Lymphocyte ‘homing’ and chronic 
inflammation', Pathology international, 65(7), pp. 344-354. 

Samyn-Petit, B., Krzewinski-Recchi, M., Steelant, W.F.A., Delannoy, P. and 
Harduin-Lepers, A. (2000) 'Molecular cloning and functional expression of 
human ST6GalNAc II. Molecular expression in various human cultured 
cells', BBA - General Subjects, 1474(2), pp. 201-211. 



179 
 

Sanfilippo, F., Croker, B.P. and Bollinger, R.R. (1982) 'Fate of four cadaveric 
donor renal allografts with mesangial IgA deposits', Transplantation, 33(4), 
pp. 370-376. 

Schena, F.P. and Nistor, I. (2018) 'Epidemiology of IgA Nephropathy: A Global 
Perspective', Seminars in nephrology, 38(5), pp. 435-442. 

Scolari, F., Amoroso, A., Savoldi, S., Mazzola, G., Prati, E., Valzorio, B., Viola, 
B.F., Nicola, B., Movilli, E., Sandrini, M., Campanini, M. and Maiorca, R. 
(1999) 'Familial clustering of IgA nephropathy: Further evidence in an 
Italian population', American Journal of Kidney Diseases, 33(5), pp. 857-
865. 

Shao, J., Peng, Y., He, L., Liu, H., Chen, X. and Peng, X. (2014) 'Capsaicin 
induces high expression of BAFF and aberrantly glycosylated IgA1 of 
tonsillar mononuclear cells in IgA nephropathy patients', Human 
immunology, 75(10), pp. 1034-1039. 

Shimozato, S., Hiki, Y., Odani, H., Takahashi, K., Yamamoto, K. and Sugiyama, 
S. (2008) 'Serum under-galactosylated IgA1 is increased in Japanese 
patients with IgA nephropathy', Nephrology Dialysis Transplantation, 23(6), 
pp. 1931-1939. 

Smerud, H.K., Bárány, P., Lindström, K., Fernström, A., Sandell, A., Påhlsson, 
P. and Fellström, B. (2011) 'New treatment for IgA nephropathy: enteric 
budesonide targeted to the ileocecal region ameliorates proteinuria', 
Nephrology, dialysis, transplantation : official publication of the European 
Dialysis and Transplant Association - European Renal Association, 26(10), 
pp. 3237. 

Smith, A.C., De Wolff, J.F., Molyneux, K., Feehally, J. and Barratt, J. (2006) 'O-
glycosylation of serum IgD in IgA nephropathy', Journal of the American 
Society of Nephrology, 17(4), pp. 1192-1199. 

Smith, A.C., Molyneux, K., Feehally, J. and Barratt, J. (2006) 'O-glycosylation of 
serum IgA1 antibodies against mucosal and systemic antigens in IgA 
nephropathy', Journal of the American Society of Nephrology, 17(12), pp. 
3520-3528. 

Smith, A.C., Molyneux, K., Feehally, J. and Barratt, J. (2008) 'Is sialylation of 
IgA the agent provocateur of IgA nephropathy?', Nephrology Dialysis 
Transplantation, 23(7), pp. 2176-2178. 

Sofue, T., Inui, M., Hara, T., Moritoki, M., Nishioka, S., Nishijima, Y., Moriwaki, 
K., Hayashida, Y., Ueda, N., Kushida, Y., Haba, R., Nishiyama, A., Kakehi, 
Y. and Kohno, M. (2013) 'Latent IgA deposition from donor kidneys does 
not affect transplant prognosis, irrespective of mesangial expansion', 
Clinical transplantation, 27, pp. 14. 



180 
 

Sonoda, E., Hitoshi, Y., Yamaguchi, N., Ishii, T., Tominaga, A., Araki, S. and 
Takatsu, K. (1992) 'Differential regulation of IgA production by TGF-β and 
IL- 5: TGF-β induces surface IgA-positive cells bearing IL- 5 receptor, 
whereas IL- 5 promotes their survival and maturation into IgA-secreting 
cells', Cellular immunology, 140(1), pp. 158-172. 

Stanescu, H.C., Arcos-Burgos, M., Medlar, A., Bockenhauer, D., Kottgen, A., 
Dragomirescu, L., Voinescu, C., Patel, N., Pearce, K., Hubank, M., 
Stephens, H.A., Laundy, V., Padmanabhan, S., Zawadzka, A., Hofstra, 
J.M., Coenen, M.J., den Heijer, M., Kiemeney, L.A., Bacq-Daian, D., 
Stengel, B., Powis, S.H., Brenchley, P., Feehally, J., Rees, A.J., Debiec, H., 
Wetzels, J.F., Ronco, P., Mathieson, P.W. and Kleta, R. (2011) 'Risk HLA-
DQA1 and PLA(2)R1 alleles in idiopathic membranous nephropathy', New 
England Journal of Medicine, 364(7), pp. 616-626. 

Stangou, M., Alexopoulos, E., Papagianni, A., Pantzaki, A., Bantis, C., Dovas, 
S., Economidou, D., Leontsini, M. and Memmos, D. (2009) 'Urinary levels 
of epidermal growth factor, interleukin‐6 and monocyte chemoattractant 
protein‐1 may act as predictor markers of renal function outcome in 
immunoglobulin A nephropathy', Nephrology, 14(6), pp. 613-620. 

Steinitz, M. and Klein, G. (1980) 'EBV- transformation of surface IgA- positive 
human lymphocytes', Journal of Immunology, 125(1), pp. 194-196. 

Suzuki, H., Fan, R., Zhang, Z., Brown, R., Hall, S., Julian, B.A., Chatham, 
W.W., Suzuki, Y., Wyatt, R.J., Moldoveanu, Z., Lee, J.Y., Robinson, J., 
Tomana, M., Tomino, Y., Mestecky, J. and Novak, J. (2009) 'Aberrantly 
glycosylated IgA1 in IgA nephropathy patients is recognized by IgG 
antibodies with restricted heterogeneity', The Journal of clinical 
investigation, 119(6), pp. 1668. 

Suzuki, H., Kiryluk, K., Novak, J., Moldoveanu, Z., Herr, A.B., Renfrow, M.B., 
Wyatt, R.J., Scolari, F., Mestecky, J., Gharavi, A.G. and Julian, B.A. (2011) 
'The pathophysiology of IgA nephropathy', Journal of the American Society 
of Nephrology : JASN, 22(10), pp. 1795. 

Suzuki, H., Raska, M., Yamada, K., Moldoveanu, Z., Julian, B.A., Wyatt, R.J., 
Tomino, Y., Gharavi, A.G. and Novak, J. (2014) 'Cytokines alter IgA1 O- 
glycosylation by dysregulating C1GalT1 and ST6GalNAc- II enzymes', The 
Journal of biological chemistry, 289(8), pp. 5330. 

Suzuki, K., Honda, K., Tanabe, K., Toma, H., Nihei, H. and Yamaguchi, Y. 
(2003) 'Incidence of latent mesangial IgA deposition in renal allograft 
donors in Japan', Kidney international, 63(6), pp. 2286. 

Tam, K.Y., Leung, J.C.K., Chan, L.Y.Y., Lam, M.F., Tang, S.C.W. and Lai, K.N. 
(2009) 'Macromolecular IgA1 taken from patients with familial IgA 
Nephropathy or their asymptomatic relatives have higher reactivity to 
mesangial cells in vitro', Kidney international; Kidney international, 75(12), 
pp. 1330-1339. 



181 
 

Tamouza, H., Vende, F., Tiwari, M., Arcos-Fajardo, M., Vrtovsnik, F., 
Benhamou, M., Monteiro, R.C. and Moura, I.C. (2007) 'Transferrin receptor 
engagement by polymeric IgA1 induces receptor expression and mesangial 
cell proliferation: Role in IgA nephropathy', Contributions to Nephrology, 
157, pp. 144-147. 

Tarelli, E., Smith, A.C., Hendry, B.M., Challacombe, S.J. and Pouria, S. (2004) 
'Human serum IgA1 is substituted with up to six O-glycans as shown by 
matrix assisted laser desorption ionisation time-of-flight mass 
spectrometry', Carbohydrate research, 339(13), pp. 2329-2335. 

Tezuka, H., Abe, Y., Iwata, M., Takeuchi, H., Ishikawa, H., Matsushita, M., 
Shiohara, T., Akira, S. and Ohteki, T. (2007) 'Regulation of IgA production 
by naturally occurring TNF/iNOS-producing dendritic cells', Nature, 
448(7156), pp. 929. 

Tobin, M.D., Raleigh, S.M., Newhouse, S., Braund, P., Bodycote, C., Ogleby, 
J., Cross, D., Gracey, J., Hayes, S., Smith, T., Ridge, C., Caulfield, M., 
Sheehan, N., Munroe, P., Burton, P. and Samani, N. (2005) 'Association of 
WNK1 gene polymorphisms and haplotypes with ambulatory blood 
pressure in the general population', Circulation; Circulation, 112(22), pp. 
3423-3429. 

Tollefsen, S.E. and Kornfeld, R. (1983) 'Isolation and characterization of lectins 
from Vicia villosa. Two distinct carbohydrate binding activities are present in 
seed extracts', The Journal of biological chemistry, 258(8), pp. 5165. 

Tomana, M., Novak, J., Julian, B.A., Matousovic, K., Konecny, K. and 
Mestecky, J. (1999) 'Circulating immune complexes in IgA nephropathy 
consist of IgA1 with galactose-deficient hinge region and antiglycan 
antibodies', The Journal of clinical investigation, 104(1), pp. 73-81. 

Varis, J., Rantala, I., Pasternack, A., Oksa, H., Jäntti, M., Paunu, E.S. and 
Pirhonen, R. (1993) 'Immunoglobulin and complement deposition in 
glomeruli of 756 subjects who had committed suicide or met with a violent 
death', Journal of clinical pathology, 46(7), pp. 607. 

Viktorin, A., Frankowiack, M., Padyukov, L., Chang, Z., Melén, E., Sääf, A., 
Kull, I., Klareskog, L., Hammarström, L. and Magnusson, P.K.E. (2014) 'IgA 
measurements in over 12 000 Swedish twins reveal sex differential 
heritability and regulatory locus near CD30L', Human molecular genetics, 
23(15), pp. 4177-4184. 

Waldo, F.B. (1988) 'Is Henoch-Schönlein purpura the systemic form of IgA 
nephropathy?', American Journal of Kidney Diseases : The Official Journal 
of the National Kidney Foundation, 12(5), pp. 373. 

Wang, J., Zhuang, J., Iyer, S., Lin, X., Whitfield, T.W., Greven, M.C., Pierce, 
B.G., Dong, X., Kundaje, A., Cheng, Y., Rando, O.J., Birney, E., Myers, 
R.M., Noble, W.S., Snyder, M. and Weng, Z. (2012) 'Sequence features 



182 
 

and chromatin structure around the genomic regions bound by 119 human 
transcription factors', Genome research, 22(9), pp. 1798-1812. 

Wang, Y., Ju, T., Ding, X., Xia, B., Wang, W., Xia, L., He, M. and Cummings, 
R.D. (2010) 'Cosmc is an essential chaperone for correct protein O-
glycosylation', Proceedings of the National Academy of Sciences of the 
United States of America, 107(20), pp. 9228-9233. 

Watanabe, K., Sugai, M., Nambu, Y., Osato, M., Hayashi, T., Kawaguchi, M., 
Komori, T., Ito, Y. and Shimizu, A. (2010) 'Requirement for Runx proteins in 
IgA class switching acting downstream of TGF-β1 and retinoic acid 
signaling', Journal of Immunology, 184(6), pp. 2785-2792. 

Watorek, E. and Klinger, M. (2015) 'IL- 17A as a potential biomarker of IgA 
nephropathy', Polskie Archiwum Medycyny Wewnetrznej-Polish Archives 
Of Internal Medicine; Pol.Arch.Med.Wewn., 125(3), pp. 204-206. 

Working Group of the International IgA Nephropathy Network and the Renal 
Pathology Society, Roberts, I.S., Cook, H.T., Troyanov, S., Alpers, C.E., 
Amore, A., Barratt, J., Berthoux, F., Bonsib, S., Bruijn, J.A., Cattran, D.C., 
Coppo, R., D'Agati, V., D'Amico, G., Emancipator, S., Emma, F., Feehally, 
J., Ferrario, F., Fervenza, F.C., Florquin, S., Fogo, A., Geddes, C.C., 
Groene, H.J., Haas, M., Herzenberg, A.M., Hill, P.A., Hogg, R.J., Hsu, S.I., 
Jennette, J.C., Joh, K., Julian, B.A., Kawamura, T., Lai, F.M., Li, L.S., Li, 
P.K., Liu, Z.H., Mackinnon, B., Mezzano, S., Schena, F.P., Tomino, Y., 
Walker, P.D., Wang, H., Weening, J.J., Yoshikawa, N. and Zhang, H. 
(2012) 'The Oxford classification of IgA nephropathy: pathology definitions, 
correlations, and reproducibility', PubMed, 76(5), pp. 546-556. 

Wyatt, R.J. and Julian, B.A. (2013) 'IgA nephropathy', The New England journal 
of medicine, 368(25), pp. 2402. 

Xiao, J., Wang, M., Xiong, D., Wang, Y., Li, Q., Zhou, J. and Chen, Q. (2017) 
'TGF-ß1 mimics the effect of IL-4 on the glycosylation of IgA1 by 
downregulating core 1 ß1, 3-galactosyltransferase and Cosmc', Molecular 
Medicine Reports, 15(2), pp. 969-974. 

Xin, G., Shi, W., Xu, L.-., Su, Y., Yan, L.-. and Li, K.-. (2013) 'Serum BAFF is 
elevated in patients with IgA nephropathy and associated with clinical and 
histopathological features', Journal of nephrology, 26(4), pp. 683-690. 

Xue-Qing Yu, Li, M., Zhang, H., Hui-Qi Low, Wei, X., Jin-Quan Wang, Liang-
Dan Sun, Kar-Seng Sim, Li, Y., Jia-Nee Foo, Wang, W., Zhi-Jian Li, Xian-
Yong Yin, Xue-Qing Tang, Fan, L., Chen, J., Rong-Shan Li, Jian-Xin Wan, 
Zhang-Suo Liu, Tan-Qi Lou, Zhu, L., Xiao-Jun Huang, Xue-Jun Zhang, Zhi-
Hong Liu and Jian-Jun Liu (2011) 'A genome-wide association study in Han 
Chinese identifies multiple susceptibility loci for IgA nephropathy', Nature 
genetics, 44(2), pp. 178. 



183 
 

Yamada, K., Kobayashi, N., Ikeda, T., Suzuki, Y., Tsuge, T., Horikoshi, S., 
Emancipator, S.N. and Tomino, Y. (2010) 'Down-regulation of core 1 beta 
1,3-galactosyltransferase and Cosmc by Th2 cytokine alters O-
glycosylation of IgA1', Nephrology Dialysis Transplantation, 25(12), pp. 
3890-3897. 

Yanagawa, H., Suzuki, H., Suzuki, Y., Kiryluk, K., Gharavi, A.G., Matsuoka, K., 
Makita, Y., Julian, B.A., Novak, J. and Tomino, Y. (2014) 'A Panel of Serum 
Biomarkers Differentiates IgA Nephropathy from Other Renal Diseases', 
PLoS ONE, 9(5), pp. e98081. 

Yang, M., Li, F., Xie, X., Wang, S. and Fan, J. (2014) 'CagA, a major virulence 
factor of Helicobacter pylori, promotes the production and 
underglycosylation of IgA1 in DAKIKI cells', Biochemical and biophysical 
research communications, 444(2), pp. 276-281. 

Yasutake, J., Suzuki, Y., Suzuki, H., Hiura, N., Yanagawa, H., Makita, Y., 
Kaneko, E. and Tomino, Y. (2015) 'Novel lectin-independent approach to 
detect galactose-deficient IgA1 in IgA nephropathy', Nephrology Dialysis 
Transplantation, 30(8), pp. 1315-1321. 

Ye, M., Peng, Y., Liu, C., Yan, W., Peng, X., He, L., Liu, H. and Liu, F. (2016) 
'Vibration Induces BAFF Overexpression and Aberrant O-Glycosylation of 
IgA1 in Cultured Human Tonsillar Mononuclear Cells in IgA Nephropathy', 
BioMed Research International, 2016. 

Yeo, S.C., Cheung, C.K. and Barratt, J. (2018) 'New insights into the 
pathogenesis of IgA nephropathy', Pediatric Nephrology, 33(5), pp. 763-
777. 

Yu, C.-., Pal, L.R. and Moult, J. (2016) 'Consensus Genome-Wide Expression 
Quantitative Trait Loci and Their Relationship with Human Complex Trait 
Disease', OMICS A Journal of Integrative Biology, 20(7), pp. 400-414. 

Zhai, Y.-., Zhu, L., Shi, S.-., Liu, L.-., Lv, J.-. and Zhang, H. (2016) 'Increased 
April expression induces IgA1 aberrant glycosylation in IgA nephropathy', 
Medicine, 95(11), pp. e3099. 

Zhao, N., Hou, P., Lv, J., Moldoveanu, Z., Li, Y., Kiryluk, K., Gharavi, A.G., 
Novak, J. and Zhang, H. (2012) 'The level of galactose-deficient IgA1 in the 
sera of patients with IgA nephropathy is associated with disease 
progression', Kidney international, 82(7), pp. 790-796. 

  


