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Abstract

Introduction—IgA nephropathy, the most prevalent glomerular disease in the world, requires a
renal biopsy for diagnosis. Reliable biomarkers are needed for the non-invasive diagnosis of this
disease and to more fully delineate its natural history and risk for progression.

Areas covered—In this review, the authors examine serum levels of galactose-deficient IgA1l
(Gd-lgA1) and glycan-specific 1gG and IgA autoantibodies that are integral to pathogenesis of IgA
nephropathy. They also explore biomarkers related to alternative and lectin pathways of
complement activation and serum and urinary peptide biomarkers detected by mass spectrometric
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methods. The literature search included review of all publications having IgA nephropathy in the
title that were cited in PubMed and Scopus over the past 10 years and a non-systematic review of
abstracts published for the annual meetings of the American Society of Nephrology and the
International Symposia on IgA Nephropathy.

Expert opinion—Serum Gd-IgA1 level and glycan-specific autoantibody levels are prime
candidates to become diagnostic biomarkers for IgA nephropathy because of their central role in
the earliest stages of disease pathogenesis. Assays for serum levels of complement proteins C3 and
factor H are readily available in clinical practice and deserve continued study, either alone or in
tandem with total serum IgA or serum Gd-IgA1l levels, as prognostic biomarkers for patients with
IgA nephropathy. Urinary peptidomic data are also reviewed because this approach can
successfully differentiate patients with IgA nephropathy from healthy controls and from patients
with other forms of renal disease.

Keywords

anti-glycan antibodies; complement; end-stage renal disease; galactose-deficient IgA1; IgA
nephropathy; urinary peptidomics

1. Introduction

IgA nephropathy is the most common chronic glomerulonephritis in the world [1]. About
10% of patients with IgA nephropathy progress to end-stage kidney disease within 10 years
of diagnosis [2,3]. Renal biopsy showing dominant or co-dominant deposition of IgA in the
glomerular mesangium is required for diagnosis [4]. In our opinion, IgA nephropathy is
undiagnosed for many people in the USA, particularly those with mild clinical signs and
symptoms or those presenting with advanced chronic kidney disease. After diagnosis by
renal biopsy, current prognostic markers are clinical: magnitude of proteinuria [5-7], renal
function [6,7], hypertension [6,7] and histologic: mesangial hypercellularity, endocapillary
hypercellularity, segmental glomerulosclerosis and tubular atrophy/interstitial fibrosis [8].
An absolute renal risk (ARR) score based on presence or absence of hypertension,
proteinuria and severe histology demonstrates a strong association between these factors and
poor clinical outcome in patients with IgA nephropathy [9]. Reliable biomarkers are needed
to allow for the non-invasive diagnosis of this disease and to more fully delineate the natural
history and risk for progression.

Recent studies have led to a four-hit hypothesis for the pathogenesis and/or clinical
expression of IgA nephropathy [10]. Galactose deficiency of some O-linked glycans in the
hinge region of IgA1 is the beginning of a sequence of events that may lead to renal injury.
These galactose-deficient O-glycans of IgA1 consist of terminal N-acetylgalactosamine
(GalNAC) or sialylated GalNAc [11,12]. Anti-glycan antibodies recognize the hinge-region
glycans of IgA1 with terminal Gal-NAc [11,13] to form nephritogenic circulating immune
complexes that deposit in the glomerular mesangium, leading to renal injury [11]. Their
postulated role in this mesangioproliferative glomerulonephritis is supported by the
observation that these complexes stimulate cultured human mesangial cells to proliferate and
secrete extracellular-matrix proteins, whereas uncomplexed galactose-deficient IgA1 (Gd-
IgAl) or galactose-replete IgA1 does not [14].
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A better understanding of the molecular basis of the pathogenesis of IgA nephropathy will
likely result in disease-specific serologic and urinary biomarkers. Such biomarkers will
potentially lead to earlier diagnosis, improved monitoring of the clinical course or response
to treatment, and, eventually, disease-targeted therapy [3].

Because of space limitations, only biomarkers found in serum (or plasma) and urine samples
are discussed in this review; microRNA biomarkers are not included. Tissue biomarkers,
such as composition of glomerular deposits, and genetic markers are not covered.

2. Biomarkers of IgA nephropathy

2.1 Serum Gd-IgA1 and anti-glycan antibody in the pathogenesis of IgA nephropathy

Human circulatory IgA is predominantly of the IgA1 subclass and in its monomeric
molecular form, whereas in external secretions, the ratio of IgA1 and IgA2 subclasses varies
and both isotypes are in the secretory polymeric form (i.e., dimers or higher oligomers
connected by a J-chain with a secretory component) [15]. Heavy chains of IgA1 have a
unique hinge region segment between the first and second constant-region domains (CH1
and CH2; Figure 1A). The hinge region of IgA1 has two octapeptide repeats [15-17] and
resembles the structure of mucins due to the high content of serine (Ser) and threonine (Thr)
residues (Figure 1B). These amino acids are the sites of attachment of the clustered O-
glycans.

Normal human IgAl in the circulation has core 1 O-glycans consisting of GaINAc with
B1,3-linked galactose (Figure 1C). Each saccharide can be sialylated: GaINAc by an a2,6-
linked and galactose by an a.2,3-linked sialic acid. The carbohydrate composition of the O-
linked glycans on normal serum IgA1 is variable, and the prevailing forms include the
GalNAc-galactose disaccharide and its mono- and di-sialylated forms [18-23]. Normal
serum IgA1 was thought to contain little or no galactose-deficient O-glycans [20], but it was
shown recently that some O-glycans of circulatory 1gA1 in healthy individuals are
galactose-deficient [24].

Patients with IgA nephropathy have elevated levels of circulatory 1gA1 molecules with
some O-glycans without galactose, consisting of terminal GalNAc or sialylated GaINAc
(Figure 1C, first two structures) [25-29]. This galactosylation feature is specific for IgA1, as
other O-glycosylated glycoproteins in sera of patients with IgA nephropathy do not exhibit
this abnormality [25,30]. These data are in agreement with the observations that a GalINAc-
specific lectin from Helix aspersa (HAA; Figure 1C) binds small amounts of IgA1 from
healthy controls [11,25,28,29]. Most Gd-IgAl is within circulating immune complexes
bound by anti-glycan IgG or IgA1 antibodies [11,29,31].

2.2 Serum Gd-IgAl levels

2.2.1 Serum Gd-IgAl levels as a diagnhostic biomarker—An elevated serum level
of Gd-1gAl is the initial hit in the postulated pathogenesis of IgA nephropathy (Figure 2)
and appears necessary but not sufficient for the full clinical expression of the disease [10].
Elevated levels have been reported in patients with IgA nephropathy of Caucasian
[28,32,33], Asian [34-36], and African [37] ancestry. The serum level of Gd-IgA1 was
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above the 90th percentile for healthy controls in 77% of 150 Caucasian adults with IgA
nephropathy [28]. The area under the receiver operating characteristic (ROC) curve was
0.90, strongly suggesting that this marker may be of diagnostic significance for the disease
[28].

Subsequent studies confirmed the finding, but did not find the sensitivity to be as high
(Table 1). Lin et al. [35] showed that median serum Gd-IgAlevel in 63 Chinese patients was
higher than that in 115 healthy controls and 44 spouses of patients with IgA nephropathy.
Shimozato et al. [34] found that 49% of 41 adult Japanese patients with IgA nephropathy
had significantly elevated serum Gd-IgA1 levels compared with healthy controls and with
patients with other types of kidney disease. In a pediatric cohort including Caucasians and
African Americans, serum Gd-1gAl levels were significantly elevated in 77% of 22 children
with 1gA nephropathy [38].

Several studies have examined serum Gd-IgAl levels as a diagnostic marker for IgA
nephropathy, but most compared levels in patients with IgA nephropathy to levels in healthy
controls (Table 1). The optimal diagnostic test should differentiate patients with IgA
nephropathy from those with other glomerular diseases. We have done this by using samples
from40 pediatric patients with IgA nephropathy (age < 18 years) with addition of 13 more
subjects to the cohort of Lau et al. [38] and 16 non-1gA-nephropathy glomerular-disease
controls (excluding patients with systemic lupus erythematosus and Henoch-Schénlein
purpura nephritis). The sensitivity and specificity were 63 and 93%, respectively, with a
positive predictive value of 96% and negative predictive value of 46%. The area under the
ROC curve was 0.84.

Serum levels of Gd-IgA1l are stable over time for patients with IgA nephropathy [39-41].
Biannual serum samples (that date to 1990 and were obtained from all active military
personnel) in the United States Department of Defense Serum Repository were accessed for
eight personnel who developed IgA nephropathy after entering the service. Gd-1gA1 levels
in sera obtained from these eight patients 1000 days prior to renal biopsy and 1000 days
after renal biopsy were higher compared to levels in sera obtained at similar time points
from 24 matched healthy controls (p = 0.019 and p = 0.046, respectively) [40]. Paired
samples collected over a period of 9 — 19 years (median 60 months) showed that serum
levels of Gd-IgA1 remained constant for 16 adult patients with IgA nephropathy and 15
healthy controls [39]. Serum Gd-1gAl levels of healthy children and children with IgA
nephropathy have also been noted to remain stable over a 12-month interval [41].

The diagnostic utility of this marker alone is encumbered, as it may be elevated in
individuals with no clinical signs of IgA nephropathy and levels vary dependent on age and
ethnic group. Increased levels of Gd-IgA1 may be found in up to 5% of normal controls [28]
and in 40% of first-degree relatives of patients with IgA nephropathy [35,37,42,43].
Segregation analysis of Gd-1gAl levels for patients and their first-degree relatives suggested
the presence of a major dominant gene on a polygenic background [42].

Median Gd-IgA1l level is significantly higher for Caucasian adults when compared to
Caucasian children under age 18 [28,38,44]. Median serum Gd-IgALl level is also
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significantly higher in Caucasian American as compared to African American adults [37].
Among pediatric patients, no significant difference in serum Gd-IgA1 level was found based
on gender or in African Americans compared to Caucasians [44]. No data were published
for Asian and Caucasian patients in the same study, so it is not clear if levels differ between
those racial groups. Thus, future studies on the diagnostic utility of serum Gd-IgA1 levels
need to carefully consider age, race and possibly gender.

Delineation of the hinge region glycoforms in healthy individuals and patients with 1IgA
nephropathy will provide a better-defined diagnostic biomarker. The current methodology
using lectin-based assays cannot provide this degree of detail. High-resolution mass
spectrometry has the capacity to define the heterogeneity of the IgA1 O-linked glycans at
the molecular level. Renfrow et al. [45] used this approach to localize all O-glycan
attachment sites in an IgA1 myeloma protein. Subsequently, several isomeric O-glycoforms
in an IgA1 myeloma protein and in IgA1 isolated from normal human serum were identified
[48].

Takahashi et al. [47] used high-resolution mass spectrometry to define the hinge region
glycosylation patterns and glycosylation sites of IgA1 secreted by immortalized IgA1-
producing cells from six patients with IgA nephropathy and seven healthy controls. Four
hinge region glycoforms, including three with galactose-deficient O-glycans, predominated
in the IgAl from IgA nephropathy patients. Tandem mass spectrometry revealed that the
sites with galactose-deficient O-glycans or non-glycosylated sites included mainly Ser230,
Thr233 and Thr236, whereas Thr225, Thr228 and Ser232 were glycosylated predominantly
by the GalNAc-galactose disaccharide. This is the first definitive identification of hinge-
region O-glycosylation microheterogeneity on IgAl from IgA nephropathy patients
compared to healthy controls. The glycoforms predominating in IgA1 secreted by the cells
from patients with IgA nephropathy may be candidates for disease-specific biomarkers.

2.2.2 Serum Gd-IgA1l as a prognostic biomarker—Published data on serum Gd-
IgALl levels as a clinical prognostic marker are not conclusive. Serum Gd-IgA1l level did not
associate with degree of proteinuria for adults [28,32] or children [48]. In a study that
combined pediatric and adult patients, absolute serum Gd-IgA1 level did not correlate with
decline in estimated GFR (eGFR) or degree of proteinuria at biopsy, but an elevated percent
of Gd-IgAl/total IgA correlated with these clinical risk factors [32]. A higher Gd-l1gAl
quartile associated with progression of renal disease in a large Chinese cohort of patients
with IgA nephropathy [36]. A greater degree of under-galactosylation of serum Gd-IgAl
level (as detected by a GalNAc-specific lectin from Vicia villosa) was associated with
histologic severity in one study [49]. GalNAc-specific lectins may vary in their precise
binding characteristics whereby analyses using different lectins to measure serum levels of
Gd-1gA1 may not provide comparable results [50].

2.3 Serum anti-glycan antibody

2.3.1 Serum anti-glycan antibody level as a diagnostic biomarker—The
production of unique autoantibodies recognizing Gd-IgA1 (known as anti-glycan antibodies)
leads to formation of nephritogenic circulating immune complexes that are central to the
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pathogenesis of IgA nephropathy. Tomana et al. [11] initially recognized that 1gG antibody
with specificity to Seror Thr-linked GalNAc residues was present in sera of IgA
nephropathy patients, resulting in the classification of the disease as an autoimmune
disorder. The IgG anti-glycan autoantibody in patients with IgA nephropathy has an unusual
structure that is key for binding to Gd-IgA1,; it arises due to a Ser substitution for alanine in
the complementarity-determining region 3 of the variable region of the heavy chain [13].

Suzuki et al. [13] developed a dot-blot assay measuring glycan-specific IgG antibody levels
and were able to differentiate patients with IgA nephropathy from healthy and renal-disease
controls with 88% specificity and 95% sensitivity. Berthoux et al. [33] found that the mean
serum levels of 1gG autoantibody and IgA autoantibody in an ELISA assay were
significantly higher in patients with IgA nephropathy at the time of biopsy than in healthy
volunteers and patients with renal disease other than IgA nephropathy (both comparisons, p
< 0.01). However, when data from that study are analyzed using 90th percentile for healthy
controls as the upper limit of normal, the sensitivity was 29% for serum 1gG anti-glycan
autoantibody level and 31% for serum IgA anti-glycan autoantibody level (Table 2). Serum
IgG anti-glycan antibody level and/or serum IgA anti-glycan antibody level was above the
90th percentile for healthy controls for 40% of the subjects in that study.

There is an obvious discrepancy in the results of the two assays. One explanation could be
clinical differences between the groups studied, with the cohort of Berthoux et al. [33]
having a higher percentage of patients with mild disease. Another possibility is the
differences in the assays used to determine serum anti-glycan antibody levels for the two
studies. The ELISA in the latter study may not detect antibody binding as well as the former
dot-blot assay.

2.3.2 Serum anti-glycan antibody levels as prognostic biomarkers—The anti-
glycan autoantibody may play an important role in the clinical expression of IgA
nephropathy. In a study evaluating IgG autoantibody at the time of renal biopsy, the
intensity of binding to Gd-IgAL1 correlated with urine protein/creatinine ratio (p < 0.0001)
[13]. Berthoux et al. [33] found that an elevated IgG autoantibody level at the time of biopsy
predicted dialysis or death during a maximum of 15 years of follow-up time (p < 0.01). One
might surmise that this biomarker may eventually prove useful for monitoring disease
progression and/or response to therapy. However, data have not yet been published to
support that supposition. Moreover, anti-glycan antibodies might eventually represent a
disease-specific marker and potential therapeutic target.

2.4 Serum levels of IgAl-containing circulating immune complexes

The third hit in the postulated pathogenesis of IgA nephropathy is the formation of immune
complexes containing Gd-IgA1 bound by IgA1 and/or 1gG anti-glycan autoantibody [10].
IgA1-1gG-containing circulating immune complexes were found in 44 to 68% of patients
with IgA nephropathy [51,52]. However, these studies did not examine the role of IgA1-
containing circulating immune complexes as a diagnostic or prognostic marker for IgA
nephropathy, but rather assessed their biological activity using cultured human mesangial
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cells. C3b is important for solubilization and clearance of immune complexes and is
generated during activation of C3 [53].

2.5 Serum levels of complement proteins and plasma levels of complement activation

fragments

C3 activation through the alternative and/or lectin pathways occurs in patients with IgA
nephropathy [54] and complement-related biomarkers may be important for delineation of
disease severity or clinical expression. This possibility is worthy of careful re-evaluation
because recent genome-wide association studies point toward the importance of alternative
pathway of complement activation in IgA nephropathy [55,56]. Products of factor H gene
and the cluster of nearby complement factor H-related genes modulate activation of the
alternative complement pathway. The combined deletion of complement factor H-related
protein 1 (CFHR1) and CFHR3 confers a substantially reduced risk of IgA nephropathy
[55].

In healthy Caucasian subjects, a strong association between serum C3 level and serum factor
H level (r = 0.78) [57] led to the hypothesis that serum factor H level determines serum C3
level in the normal state when systemic activation of C3 is not occurring [57]. In a group of
28 patients with 1gA nephropathy in Kentucky studied in 1983, Julian et al. [58] found that
serum C3, B, H and | concentrations were significantly higher in patients with stable normal
renal function as compared to those with chronic kidney disease defined as serum creatinine
greater than 2.0 mg/dl at the time of sampling. The single patient with a serum C3
concentration < 90 mg/dl had a partial deficiency of factor H [58].

The finding that the serum C3 concentration was rarely low in patients with IgA
nephropathy in the USA or Europe contrasts with results of studies from Asia. In a cohort of
343 Chinese patients with IgA nephropathy, a serum C3 level < 90 mg/dl was associated
with poor outcome, defined as end-stage kidney disease or doubling of baseline serum
creatinine [59]. Specifically, 19% of these patients had a serum C3 concentration < 90
mg/dl. In a study in Japan, IgA nephropathy patients with a serum C3 concentration that
declined over time had a higher rate of loss of renal function, as defined by worse than 20%
decline in eGFR, than those with a persistently increased or stable level [60].

Considering the serum C3 concentration may improve precision of the serum IgA level as a
diagnostic test for IgA nephropathy. While the serum IgA level tends to be elevated in
patients, it is not an adequate diagnostic test for the disease. In our cohort of 153 Caucasian
adults with IgA nephropathy, the sensitivity for the serum IgA level was only 33% with a
specificity of 90% [28]. Tomino et al. [61] proposed that an elevated serum IgA/C3 ratio
would better predict IgA nephropathy prior to biopsy. Using a cutoff ratio of 2.14 that is
slightly above the mean value of healthy controls, the sensitivity was 79%, specificity 61%
and area under the ROC curve was 0.74. A subsequent study from the same group showed
that for 213 patients with IgA nephropathy the mean ratio of 4.55 was significantly higher
than that for healthy controls and patients with other glomerular diseases [62].

The serum IgA/C3 ratio may be also of prognostic value. A recent study showed that an
elevated ratio was associated with progression of IgA nephropathy, as defined as end-stage
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kidney disease or 50% decline in eGFR [63]. Earlier studies had suggested that an
association existed between elevation of this ratio and disease severity [62,64], but this
finding has not been confirmed, even in Asian cohorts.

The 1gA/C3 ratio has not been used or advocated for clinical practice in Europe or North
America. However, the test could easily be done in the clinical laboratory. Data from
European and/or North American cohorts should be examined to determine whether use of
the serum 1gA/C3 ratio for diagnosis is appropriate in those regions.

Analysis of fragments of complement arising from activation of the complement cascade
may be useful in the assessment of patients with IgA nephropathy. When serial plasma
samples were analyzed for patients from the USA, levels of iC3b—C3d neoantigen (activated
C3) were elevated on at least one occasion for 73% of adult patients and 57% of pediatric
patients with IgA nephropathy [65]. Furthermore, a high level of activated C3 was
associated with severity of the renal histology [66]. A subsequent German study found that
activated C3, measured in an assay using a different monoclonal antibody, was present in
only 30% of patients with IgA nephropathy but associated with disease progression [67].
Small studies showed that a high circulating level of C3d, a breakdown fragment of C3, was
present in 45 — 50% of patients with 1gA nephropathy [68,69]. Mean plasma levels of C3a
were significantly higher in patients with IgA nephropathy as compared to healthy controls
and controls with non-glomerular renal disease and/or hypertension, although plasma C3a
levels were not associated with severity of disease [70].

In a Chinese study of 202 patients with IgA nephropathy, urinary factor H level was
significantly higher for patients at the time of biopsy than for healthy controls [71]. In that
study, urinary factor H levels were significantly increased in patients with severe histologic
findings as compared to those with mild features [71].

Recent studies have implicated the lectin pathway of complement activation in the
pathogenesis of severe IgA nephropathy [54]. C4, C3 and the remainder of the complement
cascade are activated via this pathway without initiation by immune complexes. The plasma
C4d/C4 level was elevated in 20% of adults patients and 5% of pediatric patients with IgA
nephropathy [65] and C4 activation occurred in 6% of the patients studied by Zwirner et al.
[67]. At the time these studies were performed, C4 activation was attributed to involvement
of the classical pathway, but in retrospect the best explanation is that C4 activation
fragments were generated through activation of the lectin pathway. Recently, urinary
peptidomics (see Section 2.7.1) found a peptide fragment, subsequently identified as C4a
desArg, that associated with histologic severity for patients with IgA nephropathy and
showed that serum C4a desArg level was significantly higher in patients as compared to
healthy controls [72].

In a Chinese study of 162 patients with IgA nephropathy, urinary mannan-binding lectin
(MBL) level significantly associated with impaired renal function and magnitude of
proteinuria [73]. Urinary MBL level at the time of renal biopsy was significantly lower for
those who showed clinical improvement as compared to patients with disease progression
and was associated with more severe renal histologic lesions [73].
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2.6 Soluble CD89-IgA complexes

A role for soluble CD89-IgA complexes in the pathogenesis of IgA nephropathy is not fully
understood. Soluble CD89-1gA complexes can induce an influx of mononuclear cells into
the glomerular mesangium and renal interstitium in IgA nephropathy [74]. Recently, an
amplification loop involving transglutaminase 2 was described in mesangial cells and it was
postulated that this pathway facilitates IgA1-sCD89 deposition and mesangial cell activation
[75]. These observations are contrasted with results of another publication that circulating
CD89-IgA complexes are not specific for IgA nephropathy [76]. Furthermore, in a Swedish
cohort, patients with IgA nephropathy without disease progression had stable but high levels
of soluble CD89, whereas the patients with disease progression had low levels of soluble
CD89 [77]. The same study also reported that levels of soluble CD89 complexes correlated
with one of the five CD89 genetic variants in 212 patients with IgA nephropathy and 477
healthy controls; furthermore, the same single-nucleotide polymorphism was associated with
lower expression of soluble CD89. However, no association between CD89 genetic
polymorphisms and susceptibility to IgA nephropathy was found [77]. There is clearly more
work to be done to better understand the interplay between CD89 and IgA1l in IgA
nephropathy.

2.7 Urinary biomarkers

2.7.1 Urinary peptidomics—Peptidomics offers the opportunity to develop a non-
invasive and unbiased diagnostic tool without a priori assumptions as to the pathogenesis of
a disease. Peptidomics is the assessment (profiling) of peptides within a specific
compartment, a peptidome. For such an analysis, urine has several advantages compared
with plasma or serum because it is less complex and more stable. Analyses of urine samples
from patients with IgA nephropathy and controls by SDS-PAGE and Western blotting for
urinary protein patterns and molecular masses of the IgA and 1gG heavy chains and their
fragments has been undertaken. Patients with severe IgA nephropathy excreted large
amounts of immunoglobulins and their fragments [78,79] that were presumably generated
by proteases activated in the kidney [80]. As these polypeptides and fragments could
represent disease-specific markers, capillary electrophoresis coupled with mass spectrometry
(CE-MS) analysis of urinary peptidome was performed for a more detailed characterization.
Samples from 58 patients with IgA nephropathy (reference set) were compared to samples
from patients with various renal diseases (n = 253) and healthy controls (n = 207). A profile
with 25 IgA nephropathy-specific biomarkers was defined; this pattern showed 92%
sensitivity and 93% specificity [78,79]. These results thus validated an earlier study that also
found disease-specific urinary peptides [81]. Thus, a CE-MS pattern of urinary polypeptides
may serve as a biomarker for IgA nephropathy. If validated, it may be feasible to use these
biomarkers to develop novel tests to detect renal injury at earlier stages, assess clinical
manifestations, and monitor responses to therapy. New developments, such as
comprehensive characterization of human urinary peptidome and availability of a urinary
standard for healthy controls, will enable further development of disease-specific biomarkers
[82-86].

Other peptidomic or proteomic approaches have been tested as well. For example, matrix-
assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS)
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analysis identified a fragment of uromodulin, m/z 1913.14, in urine samples that showed an
area under the curve (AUC) of 0.998 for distinguishing patients with IgA nephropathy from
healthy controls and of 0.815 from patients with other glomerulopathies [87]. MALDI-TOF
MS analysis of urine samples from 19 patients with IgA nephropathy and 14 healthy
controls found 16 IgA nephropathy-associated peptides, including uromodulin (m/z 1913)
[88].

In another study, urine samples from 49 patients with IgA nephropathy were analyzed by
surface-enhanced laser desorption ionization time-of-flight mass spectrometry (SELDI-TOF
MS) and differentially expressed proteins were identified by MALDI-TOF MS. The IgA
nephropathy patients had lower excretion of laminin G-like 3 and free x light chains
compared to patients with other chronic kidney diseases and healthy controls [89]. Urinary
laminin G-like 3 and free x light chain concentrations were inversely correlated with
severity of clinical and histologic features [89].

Urine peptidome analysis has great potential for identification and measurement of clinically
useful biomarkers for diagnosis and perhaps even prognosis of IgA nephropathy. Most of
the data to date were generated in small patient cohorts from single centers. Large multi-
center studies with clearly characterized clinical and histologic features are needed to
advance this field of investigation.

2.7.2 Other urinary biomarkers—Torres et al. [90] measured urine levels of epidermal
growth factor (EGF) and monocyte chemotactic peptide 1 (MCP-1) at the time of renal
biopsy in 132 consecutive European patients with IgA nephropathy. The ROC analysis
showed that the AUCs were 0.83, 0.57, and 0.91, for EGF, MCP-1, and EGF/MCP-1,
respectively, for the outcome of end-stage kidney disease or doubling of serum creatinine
concentration. In a cohort of 65 patients from the Netherlands, urinary excretion of KIM-1
and baseline serum creatinine had an AUC of 0.86 when used to predict end-stage kidney
disease, although the specificity of 90% was accompanied by a sensitivity of only 60% [91].

Podocalyxin, present on the apical cell membrane of podocytes, is shed in urine following
podocyte injury [92]. For 51 Japanese patients with IgA nephropathy, the urinary
podocalyxin level on the day of biopsy significantly correlated with the severity of acute
extracapillary abnormalities. Furthermore, the number of urinary podocytes was
significantly higher in patients with segmental glomerular sclerosis as compared to those
without segmental sclerosis [92].

2.8 Other serum biomarkers

Various other serum biomarkers have been studied and correlated with disease prognosis.
Levels of advanced oxidative protein products in 292 patients with IgA nephropathy from
the USA and Italy correlated with the rate of decline in renal function (r = —-0.33, p = 0.008)
measured by eGFR [32]. An increased serum level of interleukin-18, a cytokine associated
with renal injury in ischemia-reperfusion models, was significantly correlated with the rate
of loss of renal function (r = 0.242, p = 0.021), also measured by eGFR, in a cohort of 76
Chinese patients with IgA nephropathy with moderate to severe histologic changes on
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kidney biopsy (greater than 25% of glomeruli with crescents, segmental sclerosis, or global
sclerosis) [93].

The endothelial ligand VCAM-1 is involved in adhesion of circulating leukocytes to
endothelial cells and is up-regulated in response to inflammatory stimuli [94]. Plasma
VCAM-1 levels were significantly increased in 327 patients with IgA nephropathy
compared to levels in 55 healthy controls [94]. Increased VCAM-1 level in these patients
associated with lower eGFR (p < 0.001), worse proteinuria (p < 0.001), more severe tubular
atrophy/interstitial fibrosis (p < 0.001), and the presence of cellular crescents, fibrocellular
crescents, and fibrinoid necrosis (p < 0.001) [95]. IgA1 from the sera of patients increased
VCAM-1 expression by cultured endothelial cells, suggesting a link between
undergalactosylated IgA1 and endothelial injury [95].

FGF23 is a circulating hormone involved in phosphate homeostasis [96], and high levels
have been associated with increased mortality [97], cardiovascular events [98] and renal
allograft loss [99]. In a Swedish cohort of 180 patients with IgA nephropathy, FGF23 levels
in the highest tertile (> 23 RU/ml) were significantly associated (p < 0.001) with disease
progression (defined as 50% rise in serum creatinine or progression to stage 5 chronic
kidney disease) by Kaplan—Meier analysis [100].

3. Conclusion

Reliable biomarkers are needed for the non-invasive diagnosis of IgA nephropathy disease
and to more fully delineate its natural history and risk for progression. Serum Gd-IgALl level
is a particularly good candidate for a diagnostic biomarker for individuals suspected of
having the disease. As there are 3—-6 O-glycans per hinge region of IgA1, molecular studies
are needed to understand the heterogeneity of the aberrant IgA1 O-glycosylation. We
envision that approaches using high-resolution mass spectrometry can define pathogenic
glycoforms of Gd-IgA1 associated with the risk for IgA nephropathy.

Limited data for serum levels of anti-glycan antibody indicate great promise as both a
diagnostic and prognostic marker. Future studies need to define the heterogeneity of anti-
Gd-1gAl antibodies and answer a basic question whether all potential glycoforms of Gd-
IgAl are recognized by the same set of autoantibodies or whether there are specific sets of
Gd-1gAl glycoforms that are recognized by unique autoantibodies with specific features.

Answering these questions should lead to a better characterization of pathogenic Gd-1gA1-
containing complexes. However, additional studies are necessary to define the serum
components required for formation of pathogenic (nephritogenic) immune complexes and to
determine the respective roles of the alternative and lectin complement pathways in the
pathogenesis of IgA nephropathy.

The application of urinary peptidomic techniques shows the potential to differentiate
patients with IgA nephropathy from patients with other glomerular diseases and may be
useful both for diagnosis and therapeutic monitoring of this disease. Future studies will need
to define the origin of diagnostic urinary peptides (e.g., glomeruli vs. tubuli) and determine
the prognostic significance of these peptides. Numerous other biomarkers have been
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examined and reported in the literature, but most lack specificity for the pathogenesis of IgA
nephropathy.

4. Expert opinion

IgA nephropathy is the most common chronic glomerulonephritis in the world, but without a
universally accepted non-invasive diagnostic biomarker its true prevalence and impact
cannot be appreciated. Reliable biomarkers will potentially lead to earlier diagnosis, better
monitoring of the clinical course or response to treatment, and, eventually, disease-targeted
therapy. Serum Gd-1gAl and glycan specific autoantibody levels are prime candidates to
become diagnostic biomarkers for IgA nephropathy. These tests are attractive because of the
postulated sequence of events in the autoimmune pathogenesis of the disease. However,
currently the assays for these biomarkers have been performed only in research laboratories.
The standardization of batches of commercially available GalNAc-specific lectins, such as
those from Helix aspersa, will be necessary. The greatest need at this time is the
development of an accurate and reproducible assay that can be performed in a clinical
reference laboratory.

The organization and implementation of treatment trials for IgA nephropathy are severely
limited by the lack of prognostic biomarkers. Prognostic biomarkers are requisite to select
appropriate subjects for these trials and to serve as surrogate outcome markers that will
shorten the length of the study. An ideal prognostic biomarker would identify high-risk
patients for treatment prior to irreparable kidney damage that is manifested by clinical and
histologic prognostic indicators used as inclusion criteria in most current trials.

Serum levels of the complement proteins C3 and factor H can easily be measured in the
clinical laboratory. Levels of these proteins, either alone or in tandem with total serum IgA
or serum Gd-1gAl levels, deserve continued study as prognostic biomarkers for patients
with 1gA nephropathy. In contrast to serum C3 and factor H levels, most complement
activation fragment assays require EDTA plasma samples to be frozen shortly after being
obtained and not thawed until just before the assay is performed.
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Article highlights

e Serum Gd-IgAl level is a potential candidate for a useful diagnostic biomarker
for individuals suspected to have IgA nephropathy.

* Limited data for serum levels of anti-glycan antibody indicate some promise for
it as both a diagnostic and prognostic marker.

e The role of activation of the alternative complement pathway may be
underappreciated in IgA nephropathy. Serum IgA and C3 levels are readily
available in clinical practice and the serum IgA/C3 ratio may have utility as both
a diagnostic and prognostic marker.

*  Urinary peptidomic techniques have successfully differentiated patients with
IgA nephropathy (even those with only modest proteinuria) from healthy
controls and from patients with other forms of renal disease.

* Urinary levels of epidermal growth factor, kidney injury molecule-1, mannose
binding lectin, and excreted podocytes and podocalyxin have been proposed as
biomarkers for IgA nephropathy.

*  Serum levels of advanced oxidative protein products, interleukin-18, soluble
CD89-1gA complexes, vascular cell adhesion have been studied as possible
biomarkers for IgA nephropathy.

This box summarizes key points contained in the article.
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Figure 1.

A. The structure of monomeric IgALl. Three to six O-linked glycans are attached in the hinge
region and two N-linked glycans are attached in CH2 and CH3 domains of the heavy chain.
B. IgAl hinge-region amino acid sequence. Amino acid residues are numbered to mark the
six common sites of O-linked glycan attachment. Ser residues are in blue and Thr residues
are in red. C. O-linked glycans of circulatory 1IgAl. The first two structures on the left are
galactose-deficient O-linked glycans, whereas other structures represent galactosylated
variants with or without sialic acid. GalINAc-specific lectin (HAA) reactivity with IgAl O-
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glycan variants is shown. GalNAc that has sialic acid attached will not react with HAA
unless the sample is treated with neuraminidase (+ neu), which removes the sialic acid

residue. Symbols: white square, GalNAc; black circle, Gal; black diamond, sialic acid.

Neu: Neuraminidase; HAA: Helix aspersa agglutinin.
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Biomarkers in IgA nephropathy

Diagnostic Prognostic
J Diagnostic Prognostic
Diagnostic Prognostic

Prognostic

Figure 2. This figure depicts the relationship between the four hits in the pathogenesis of IgA
nephropathy [10] and the relative usefulness of a biomarker for diagnosis or prognosis of 1gA
nephropathy

We propose that the best diagnostic markers should be related to the earlier hits and that

biomarkers related to later hits are more likely to serve as prognostic markers.
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