Pathogenesis of IgA Nephropathy

By Jonathan Barratt, John Feehally, and Alice C. Smith

In IgA nephropathy (IgAN), there is dysregulation of the IgA response to a wide range of antigens. The dysregulation
promotes synthesis of polymeric IgA1 (plgA1) with physicochemical characteristics that favor mesangial deposi-
tion, including altered O-glycosylation of the hinge region. This may be the synthesis of IgA in the systemic
compartment, which has the phenotype of mucosal IgA. There is not a change in IgA1 structure to an entirely
abnormal form; rather, there is a shift that results in a proportional increase in forms of IgA1 also found in healthy
individuals. Altered O-glycosylation could favor plgA1 deposition by promoting formation of macromolecular IgA
and immune complexes. Mesangial injury follows through interactions of plgA1 with the cells and extracellular
matrix proteins of the mesangium and the activation of complement. The final clinical expression of IgAN also
depends on generic factors, including hypertension and proteinuria, and a fibrotic renal response. No single “IgAN
gene” has been identified, and it is likely that multiple interacting genes will eventually prove to underlie suscep-
tibility to IgAN and the risk of progressive renal disease. These new pathogenic insights have not yet led to new

therapeutic opportunities.
© 2004 Elsevier Inc. All rights reserved.

I 0A NEPHROPATHY (IgAN) is the most com-
mon pattern of glomerulonephritis identified in
all parts of the world where renal biopsy iswidely
practiced. A substantial minority of patients known
to have IgAN will develop progressive renal insuf-
ficiency and eventually require renal replacement
therapy. It followsthat the elucidation of the patho-
genesis of IgAN is a key research goal that, if
followed by the design of successful specific treat-
ment interventions, will have a substantial positive
health impact.

Theinitiating event in the pathogenesis of IgAN
is the mesangial deposition of 1gA, which is pre-
dominantly polymeric IgA of the 1gA1 subclass
(plgA1). With or without the additional deposition
of 1gG and C3 complement, this could be associ-
ated with glomerular inflammation and injury with
the potential for that injury either to resolve or heal
with sclerosis. Codeposits of 1gG and complement
components are not mandatory for disease activity
or progression, and their presence at diagnosis does
not correlate with clinical outcome. Subsequently,
tubular atrophy and interstitial fibrosis could fol-
low, leading to progressive rena failure (Fig 1).
Although the deposition of IgA and the mecha-
nisms by which IgA provokes glomerular inflam-
mation are specific to IgAN, subsequent “down-
stream” inflammatory events and their conseguences
are generic and appear to differ little from common
mechanisms of progression of chronic rena disease.

INSIGHTS ON PATHOGENESIS FROM
CLINICAL OBSERVATION

A number of points must be taken into account
if a description of the pathogenesis of IgAN is to
be consistent with clinical observations in IgAN.
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e Mesangial IgA deposition may be widespread
in apparently healthy individuals who have lit-
tle or no clinical evidence of renal disease at
the time the mesangial 1gA is identified.

e The extent and intensity of the glomerular in-
jury in response to mesangial 1gA deposition
are very variable. For example, some individ-
uas have low-grade glomerular inflammation
that resolves completely; others have an appar-
ently morphologically similar lesion yet de-
velop slowly progressive renal insufficiency.
Still others have a more fulminant necrotizing
inflammation with crescent formation, which
could occur intheinitial phase of the disease or
be superimposed on preexisting, more indolent
damage.

e Recurrent mesangial IgA deposition is very
common after rena transplantation. Recur-
rence is increasingly frequent with duration of
transplantation, occurring eventually in ap-
proximately 50% of all patients.t In addition,
occasional unwitting “experiments’ in which
cadaveric kidneys with mesangial 1gA deposits
were transplanted into recipients with primary
renal disease other than IgAN have resulted in
resolution of the IgA deposits within weeks.23
These findings strongly suggest that IgAN is a
consequence of host susceptibility, including
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Fig 1. Overview of the pathogenesis of IgA ne-
phropathy. IgA deposition with or without associated
lgG and complement leads to mesangial inflammation
and injury, which could resolve or lead on to progres-
sive renal scarring and eventually end-stage renal dis-
ease (ESRD). Although the deposition of IgA and the
initiation of mesangial injury are specific to IgAN, sub-
sequent “downstream” events are likely generic to
other progressive renal disease.

abnormalities of the IgA immune system,
rather than an intrinsic kidney abnormality.

e Elevated serum IgA per se is not sufficient to
cause IgAN. Thus, patients with IgA myeloma,
even with alarge circulating load of plgAl, are
at risk of developing cast nephropathy rather
than IgAN. Likewise, in HIV/AIDS, when
there could be very high quantities of circulat-
ing polyclona plgA, IgAN is only one of a
number of patterns of glomerular disease
which are seen.4

e Some patients with IgAN also develop He-
noch-Schonlein  purpura. Henoch-Schonlein
purpurais a systemic vasculitis in which skin,
joint, and gut involvement coincides with a
rena lesion that could be indistinguishable
from IgAN. Mechanisms by which some indi-
viduals develop Henoch-Schonlein nephritis
and others a “renal-limited” lesion, IgAN, are
not clear. This issue is not further discussed
here; the relationship between IgAN and HSP
has been recently reviewed.®

MAJOR ELEMENTS IN THE PATHOGENESIS
OF IgA NEPHROPATHY

There are three elements that can contribute to
the development of IgAN, and the extent to which
each isoperational decides the severity, tempo, and
eventual outcome of IgAN in any individual. These
elements are;
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1. Synthesis and release into the circulation of
plgAl with characteristics that favor mesan-
gia deposition.

2. The “responsiveness’ of the glomerular mes-
angium as judged by:

e its susceptibility to mesangia deposition;

e its capacity to mount an inflammatory response
to that deposition; and

e its capacity to deal with that response by res-
olution of inflammation rather than ongoing
sclerosis.

3. The tendency of the whole kidney to respond
to injury by mounting a response favoring
progressive renal injury, including hyperten-
sion, proteinuria, tubular atrophy, and intersti-
tial fibrosis.

Each of these three elements could have a sig-
nificant genetic component influencing the even-
tual phenotype of the disease in any individual.
Genetic approaches to analysis of the pathogenesis
of IgAN are assuming increasing importance with
recent developments in our knowledge of the hu-
man genome and are discussed further subse-
quently.

The likely interactions of these elements of
pathogenesis are shown in Figure 2.

IgA “Load” and the Development of IgAN

Some circulating plgAl has features that pro-
mote mesangial deposition and that will be de-
scribed in this review as “pathogenic.” The even-
tual extent and severity of disease could depend on
the “load” of pathogenic IgA to which the mesan-
gium is exposed. There could be intermittent large
surges of pathogenic IgA into the circulation or
continual low-level exposure. The degree of abnor-
mality of the IgA would aso influence outcome.
Thus, 1gA load is a composite of the duration of
exposure, the amount of pathogenic IgA that
reaches the circulation, and also the extent of the
qualitative abnormality of the IgA that circulates.
Therefore, intermittent exposure to IgA, which is
highly pathogenic, could have the same pathogenic
impact as prolonged exposure to IgA, which is
only modestly abnormal.

Is IgA Nephropathy a Single Disease?

It isalso important to bear in mind that the entity
called IgAN is defined by a pattern of glomerular
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Fig 2. Interactions of major elements of pathogen-
esis of IgA nephropathy. The interactions of different
pathogenic elements required to produce IgA ne-
phropathy are shown. Total circulating serum IgA is
the source of mesangial IgA deposits in IgAN. The
fraction of total serum IgA that has a propensity for
mesangial deposition is however small, and that ca-
pable of initiating glomerulonephritis smaller still. The
precise physicochemical properties of this IgA and
the pathways controlling its production are discussed
in the text. The response of the mesangium, and in
particular the mesangial cell (MC), to the deposited
IgA is critical to the development of IgAN. A failure of
MC clearance mechanisms could contribute to mes-
angial IgA accumulation, whereas MC activation with
release of proinflammatory cytokines and extracellu-
lar matrix components will drive GN and glomerulo-
sclerosis. Without an appropriate genetic predisposi-
tion to develop IgAN, IgA deposition can be a benign
process with little to no risk of triggering glomerulo-
nephritis. However, given an appropriate genetic
background, serum IgA responses will favor mesan-
gial IgA deposition and the mesangial response will
take on a proinflammatory phenotype, resulting in
clinically significant IgA nephropathy of varying sever-
ity. Finally, if generic progression risk factors coin-
cide, this will increase the likelihood of progressive
renal impairment and could ultimately determine the
rate of decline in renal function.

morphology and no assumption can be made that it
will eventually prove to be one entity with asingle
pathogenic mechanism. Intuitively, it seems more
probable that several mechanisms or combinations
of mechanisms can all produce IgAN; our growing
understanding of the pathogenesis could eventually
allow a more redlistic classification of different
subsets of 1gAN.

We discuss each of these areas of pathogenesis
and their genetic background with special empha-
sis on recently published work.
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THE HUMAN IgA IMMUNE SYSTEM
Structure of Human IgA

There are two subclasses of human IgA, IgAl
and IgA2, and two allotypes of the latter, IgA2m1
and 1gA2m2.% IgA1 and IgA2 can both exist in
monomeric (mIgA) or polymeric (plgA) forms.
IgA polymers are usually dimers (digA) (although
higher molecular weight forms are also found) and
contain the 21-kD joining protein J chain. IgA and
J chain are cosynthesized by the plasma cell and
the polymers are assembled before secretion.”

The main structural difference between the IgA
subclasses is the 18-amino acid hinge region situ-
ated between the CH1 and CH2 domains of IgA1,
which is lacking in IgA2.8 Although short, the
hinge region forms a distinctive feature of IgAL. It
consists of an unusual repeating sequence of pro-
line, serine, and threonine residues, and it carries
multiple O-linked carbohydrate side chains (Fig 3).
This type of glycosylation israrein serum proteins
and is not found in other serum immunoglobulins,
including IgA 2. The composition of each O-glycan
chain is variable and could consist of GalNAc
alone with or without additional galactose and
sidic acid (Fig. 3). Therefore, an array of different
IgA1 O-glycoforms could be found in serum IgA1
at any time.

Human IgA Production

IgA plasma cells are mainly located at mucosal
immune sites, where they produce very large quan-
tities of 1gA of both subclasses, the relative pro-
portions varying in different locations. Mucosally
produced IgA is rapidly transported across the ad-
jacent epithelial barrier into external secretions
with very little entering the blood. This active
transport is mediated by the polymeric immuno-
globulin receptor (plgR), which is expressed on the
basolateral surface of epithelia cells and recog-
nizes J chain-containing immunoglobulins (plgA
and IgM). Once bound, the plgR—plgA complex is
internalized and secreted at the luminal side of the
epithelial cell. Such transported plgA retains a
portion of the plgR (now termed the secretory
component [SC]), forming secretory 1gA (sigA). J
chainis essentia for active mucosal 1gA secretion,
and virtually al mucosally produced IgA is poly-
meric.”

Despite the marked predominance of mucosa
IgA production, appreciable quantities of IgA are



200

Hinge region

223

Ser/Thr Ser/Thr
4 $

Legend

[0) [0)
. N-acetyl . .

galactosamine

a2,6
. D-Galactose *
* Sialic acid

aa 223-240 /

BARRATT, FEEHALLY, AND SMITH

Hinge region

\

240

CH1-Pro-Ser-Thr-Pro-Pro-Thr-Pro-Ser- Pro-Ser-Thr-Pro-Pro-Thr-Pro-Ser-Pro-Ser-CH2

0 S A A G A

1 v \"
Ser/Thr Ser/Thr Ser/Thr
' '
0
| ] | [ |
+ ™
51,3 p1,3 p1.3 @ 'fk
o
V\
% “

Fig 3. O-glycosylation of human IgA1. (A) Structure of monomeric IgA1. There are two a1 heavy (H) chains and
two k or & light chains. The a1 heavy chain has a variable (V) region and three constant region domains (CH1-3),
with an 18 amino acid (aa) hinge region lying between the CH1 and CH2 domains, from aa 223-240 inclusive. (B)
Amino acid sequence of the IgA1 hinge region. All nine serine and threonine residues (marked with arrows) are
potential sites for O-glycosylation, although the completeness of glycosylation is variable, and no more than five
or six sites are likely to be occupied in normal serum IgA1.151 (C) The O-glycan chain types found in IgA1. Each
O-glycan chain is based on a core N-acetyl galactosamine unit (GalNAc; black squares) O-linked to serine or
threonine. This can exist alone (chain type I), but usually carries galactose (black circles) and sialic acid (black
stars) to form chain types II1-V.152 Each IgA1 molecule carries a mixture of these five chain types, giving rise to a

wide array of possible O-glycoforms.

also made in systemic immune sites, most notably
the bone marrow. ThisIgA isnearly all monomeric
IgA1, and is secreted into the circulation. There-
fore, human serum IgA is mainly migA1.6

Functions of Human IgA

The major function of IgA is in mucosa de-
fense. plgA in mucosal secretions and on the in-
ternal side of the mucosal barrier effectively binds
microbes and toxins, neutralizing them and pre-
venting invasion further into the body. Although it
has been shown to fix complement in some situa-
tions, IgA is much less effective at doing so than
IgG and IgM. This could help to prevent excessive
inflammation at mucosal surfaces, where antigen
exposure is continuous but is generally dealt with
effectively without the need for acute and damag-
ing inflammatory reactions.®

The function of systemic IgA islesswell under-
stood. It could act in an antiinflammatory fashion,
damping down systemic immune responses and

clearing antigen as IgA immune complexes (IgA-
IC), hence the association between IgA synthesis
and otherwise immunosuppressive cytokines such
as IL-10 and TGF-B.°

Control of Human IgA Production

Systemic production of IgA appears to be under
similar T cell control mechanisms to 1gG produc-
tion, antigen exposure resulting in serum IgA an-
tibody production showing broadly similar patterns
of primary and secondary immune responses and
affinity maturation as seen with 1gG.2° As is the
case for other immunoglobulin isotypes, type 2 T
cell cytokines (IL-4, 5, and 6) promote B cdll class
switching to IgA, and subsequent proliferation and
differentiation of IgA-producing cells.’* However,
IgA production is also specifically and potently
promoted by the cytokines IL-10 and TGF-3,22
which have suppressive effects on 1gG production.
The control of mucosal IgA production is less well
understood, although Th2 T cells are undoubtedly
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involved.13.14 A variety of cell types probably con-
tribute to the maintenance of a mucosal microen-
vironment strongly favoring plgA production. The
factors that influence coexpression of J chain by
mucosal but not systemic IgA plasma cells are
unknown, but could be of great relevance to our
understanding of the immunopathogenesis of
IgAN.15

The mucosal and systemic immune systems are
largely under separate control and produce IgA
with differing features and functions. The homing
of subpopulations of activated T and B cells to the
correct effector sites is mediated by highly specific
receptor-igand interactions; lymphocyte cell-sur-
face homing and chemokine receptors interact with
location-specific vascular endothelial  cell li-
gands.’® Mucosaly and systemicaly activated
cells migrating through the circulation express dis-
tinct receptors and are recruited back to their prim-
ing tissue by recognition of the relevant vascular
ligands to effect an immune response in the appro-
priate location. However, there is inevitably and
necessarily a degree of “crosstalk” between the
different immune compartments, and the human
mucosal and systemic IgA immune responses are
intricately linked and regulated. There appears to
be a “mucosa—bone marrow axis,” in which there
is continual trafficking of antigen-specific lympho-
cytes and antigen-presenting cells between muco-
sal sites and primary lymphoid tissues such as the
tonsils, spleen, and bone marrow.17-19 Thisisillus-
trated by the phenomenon of ora tolerance, by
which systemic immune responses to mucosally
encountered antigens are actively suppressed.2°
The effect is seen particularly with frequently en-
countered nonpathogenic antigens that are readily
dealt with in the mucosa, for example, those de-
rived from food or commensal bacteria. Oral tol-
erance has been shown to occur in humans, but
most of the evidence on its control comes from
experimental animals. Oral tolerance is mediated
by antigen-specific T cells that arise in the mucosa
but migrate to the systemic compartment. T cell
subsets implicated in oral tolerance include Th2
cells, Tr (T-regulatory) and Th3 cells, which pro-
duce the immunosuppressive cytokines IL-10 and
TGF-B,2tand v6 T cells.22 v T cells are aminor-
ity T cell population in most compartments of the
immune system, but they have particular impor-
tance in mucosal immunity and play a pivota role
in mucosal IgA production.z® The surface marker
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expression of y& T cellsis less well defined than
that of af T cells, and they are often classified
instead by their V region use. The polymorphic V
regions of the v and 6 T cell receptor genes are
grouped in families, and characteristic Vy and &
families predominate in the vé T cell populations
found in different immune system compartments.
Furthermore, y8 T cell subsets expressing different
V region families aso differ in their homing re-
ceptor and cytokine expression,2* suggesting that
V region use could define functional yé T cell
subsets.

Interestingly, al the cell types implicated in the
control of oral tolerance have also been associated
with promation of IgA production. TGF-8 is akey
cytokine in the control of IgA production, not only
promoting IgA production and suppressing other
isotype responses, but also inducing expression of
the mucosal retention receptor aEB7 by mucosal
lymphocytes.25 Functional analysis of these T cell
subtypes has not yet made clear the extent of
overlap between Th3 cells, Tr cells, and y6 T cells.

Clearance of Human IgA

IgA and IgA-1C are cleared from the circulation
at least partly through the liver. The hepatic asia-
loglycoprotein receptor (ASGPR) and the Fca re-
ceptor CD89 are IgA-binding receptors expressed
in the liver, athough in humans, their relative
contributions to IgA catabolism have yet to be
fully elucidated.2628 |gA is aso catabolized by
monocytes/macrophages and neutrophils through
their expression of CD89, and this is another po-
tentially important route of clearance.2®

ANIMAL MODELS OF IgA NEPHROPATHY

Numerous animal models of IgAN have been
studied, generally involving immunization with
enteral and parenteral antigen, or infusion of pre-
formed immune complexes. However, there are
significant differences between animals and hu-
mans in the control of IgA production and aso the
structure of IgA; for example, IgA in al nonpri-
mate mammals is structurally more like human
IgA2 than IgA1, and no nonprimate species has a
hinge region analogous to human IgAl. Caution
should therefore be exercised in extrapolating the
mechanisms of IgA deposition in these animal
models to human IgAN.

In contrast, animal models have been highly
informative about immune and inflammatory
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Table 1. Properties of IgA in Normal Subjects and in IgA Nephropathy*

Controls IgAN

Properties of IgA Serum IgA Mucosal IgA Serum IgA Mesangial IgA*
Size Mostly migA Mostly plgA Increased plgA plgA
Subclass Mostly IgA1 IgA1 & IgA2 Increased IgA1 IgA1
Proportion of A light — Not known Increased Increased

chain compared

with normal

serum IgA
Charge compared — Not known Anionic Anionic

with normal

serum IgA
O-glycosylation Heavily Unknown galactosylation Reduced galactosylation, Reduced

galactosylated decreased sialylation increased or decreased galactosylation

and sialylated

sialylation and sialylation

*The common features of serum and mesangial IgA in IgAN (right-hand columns) constitute the “pathogenic IgA

phenotype” [see text].

events that follow IgA deposition, for example,
using the anti-Thy 1.1 model of mesangia prolif-
erative GN.

Because of these limitations, this review focuses
mainly on information obtained from human stud-
ies.

IgA PRODUCTION IN IgA NEPHROPATHY

One of the key factors determining the devel op-
ment of IgAN is the presence in the circulation of
IgA molecules with propensity to mesangial dep-
osition (Table 1). Numerous aspects of IgA and
IgA production are abnormal in patients with
IgAN. However, patient cohorts are highly heter-
ogeneous in respect to many of these abnormali-
ties, displaying great variability both in degree and
in the proportion of patients affected, making it
difficult to identify aclear and consistent pattern of
IgA abnormalities common to all patients. This
supports the notion that more than one pathogenic
mechanism could result in the production of patho-
genic circulating 1gA. We therefore propose the
concept that there is a “pathogenic IgA pheno-
type,” atheoretical composite of all the character-
istics thus far identified as being associated with
mesangia IgA deposition and IgAN.

Deposited mesangial 1gA must come from the
blood. High plasma IgA aone is not sufficient to
produce mesangia IgA deposits, and therefore pa-
tients with IgAN must produce a pool of circulat-
ing IgA molecules with specia characteristics,
which particularly promote mesangial deposition.

For these molecules to accumulate in the kidney,
the rate of their deposition must exceed that of
clearance.

Characteristics of Circulating IgA in IgAN

Many studies have demonstrated modestly in-
creased serum levels of IgA in IgAN. However,
because raised IgA levels alone do not necessarily
produce IgAN, it is likely that some other feature
of circulating IgA in IgAN is responsible for mes-
angial deposition.

Physicochemical Properties of Circulating IgA in
IgAN

Serum IgA in IgAN displays a number of un-
usual physical characteristics (Table 1). The in-
crease in serum IgA is accounted for by plgAl,
with migA and IgA2 levels generaly being nor-
mal.3° The serum IgA of patients is anionic,3132
light chains are overrepresented,®® and the IgA1
O-glycosylation profile is altered in comparison to
controls.34

IgA Glycosylation. The abnormal O-glycosyla
tion of 1gA1 has been well studied in recent years,
and there is increasing evidence for its involvement
in the pathogenesis of IgAN. Many sudies have
investigated the binding of various O-glycan-specific
lectins to serum IgA1 from patients with IgAN.35
Although lectins are convenient tools for indicating
abnormal glycosylation patterns, they cannot provide
precise structura information about the O-glycan
chains expressed by 1gA1 molecules, because their
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specificities are not absolute, and their binding could
be affected by factors other than the individua O-
glycan moieties present.3> However, such studies
have provided useful data, clearly and consistently
demondtrating that serum IgAl in IgAN is abnor-
mally O-glycosylated, and strongly suggesting that
this abnormality takes the form of reduced galacto-
gylaion of the O-glycans, leading to increased fre-
quency of truncated glycan chains consisting of Gal-
NAc aone and possibly to increased exposure of the
hinge region peptideitself.38 More precise analysis of
IgA1 O-glycosylation has proved chalenging, but
studies using carbohydrate el ectrophoresis,3” chroma:
tography,36:38 and mass spectroscopy394° all support
a lack of O-linked gaactosyl chains in IgA1 from
patients with IgAN. Altered siadylation of the IgAl
O-glycans in IgAl is more debatable because the
specificity of saic acid-binding lectins is unsatisfac-
tory. Both increased*! and decreased* O-sialylation
have been suggested, and further confirmation will
need improved analytical techniques.

There is no evidence that IgAN results from a
clonal abnormality of IgA-producing plasma cells.
The shift in IgA1 O-glycosylation pattern does not
even result in atightly restricted pattern with IgA1
molecules al showing a specific abnormality.
Rather there is a shift that dlightly favors the ap-
pearance of 1gA1 molecules with glycoforms less
likely to contain galactose (and perhaps sialic
acid).

The functional effects of atered IgA1l hinge
region O-glycosylation are as yet unproven, but
could be expected given the pivotal position of the
hinge region in the IgA1 molecule. The hinge
region is a short sequence consisting of only 18
amino acids, but it typicaly carries 10 to 12 O-
glycan chains, which contribute approximately half
of the molecular weight of the region, depending
on the completeness of O-glycosylation. As the
glycans extend from the peptide core, they shield it
from external exposure and will influence the
physical shape and electrical charge of the IgA1
molecule, thus potentially affecting interactions
with proteins and receptors.42 They could also de-
termine the antigenicity of 1gA1, as discussed in
more detail subsequently. IgA1 glycosylation aso
appears to influence matrix interactions, molecules
lacking termina siaic acid, and galactose units
have been shown in vitro to exhibit increased af-
finity for the extracellular matrix components fi-
bronectin and type IV collagen.43
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Functional Characteristics of IgA in IgAN
Antigen Specificity

In some types of human glomerulonephritis, the
presence of immunoglobulin within the glomerulus
can be directly attributed to autoantibodies binding
to an endogenous antigenic target, to trapping of
preformed immune complexes from the blood, or
to in situ formation of immune complexes. In
IgAN, there is no convincing evidence of circulat-
ing IgA autoantibodies against a mesangial anti-
gen,* but there are reports of increased levels of
circulating IgA-IC. This could arise from increased
antigen load and persistent IgA antibody produc-
tion or from failure of IgA-IC clearance from the
circulation.

Increases in circulating IgA antibodies against a
variety of antigens have certainly been described,
although no single pathogenic antigen has been
established. As is the case for total serum IgA in
IgAN, the increase in IgA antibody titers seems to
be restricted to 1gA1,4546 and plgA may be repre-
sented.4” Because the mgjority of plgA is mucosal
in origin, particular attention has been paid to
mucosally encountered antigens as potential trig-
gers for the development of IgAN, and there is
indeed convincing evidence for an increase in cir-
culating plgA1 antibodies against a variety of mu-
cosal antigens, both microbial and environmental.
However, the same can also be seen for systemi-
cally encountered antigens,#54648 suggesting that
there is a general tendency to overproduce plgA1l
antibodies in IgAN.

Large immune complexes that persist in the cir-
culation are most susceptible to mesangial trap-
ping. 1gA-IC composed of plgA will be likely to
meet these criteria; they will be large by virtue of
the polymeric nature of the IgA, and the low effi-
ciency of IgA complement fixation could favor
both large size and persistence in the circulation,
because complement interrupts IC lattice forma-
tion and is involved in complex internalization by
phagocytes.

Furthermore, in a study of antibody responsesto
systemic immunization with tetanus toxoid in
IgAN, the plgA1l antibody response was not only
increased and prolonged,4” but the IgA was also of
low affinity, although 1gG affinity was normal.1°
This suggests that some IgA antibodies could be
functionally abnormal in IgAN, leading to failure
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of antigen clearance and consequent persistence of
IgA production and circulating IgA-I1C.

Another intriguing explanation for the presence
of circulating IgA-IC in IgAN is provided by the
demonstration in patients serum of 1gG and IgA
antibodies against agalactosyl IgA1 O-glycans and
the “naked” IgAl hinge region peptide.#25° This
raises the possibility that in some IgA-IC, abnor-
mally O-glycosylated IgA1 is actually the antigen
rather than the antibody, and therefore continued
production of abnormally O-glycosylated IgAl
will ensure the persistence of circulating IgA-IC.

Altered IgA Clearance in IgAN

Failure of norma IgA and IgA-IC clearance
mechanisms could also facilitate their persistence
in the serum. This has not been thoroughly studied
in 1gAN, because the norma pathways of IgA
catabolism in the human are not well understood.
In vivo studies tracking the clearance of radiola-
beled IgA from the circulation have demonstrated
that the liver has an important role and that the rate
of clearance is reduced in IgAN.51 The hepatic
ASGPR is probably a key hepatic receptor in this
process, and its interaction with IgA1 could poten-
tially be affected by abnorma O-glycosylation,
athough recent reports suggest that the N-linked
glycans, elsewhere in the IgA1 molecule, could be
the major mediators of 1gA1-ASGPR binding.28
However, a recent study of IgA1 binding to the
hepatocyte cell line HepG252 demonstrated in-
creased binding of 1gA1 from patients with IgAN,
arguing against a defective clearance by this route,
athough it is still possible that a small pool of
nephritogenic IgA1 molecules has different clear-
ance properties.

Another route of IgA catabolism is by mono-
cytes and neutrophils, which express FcaRl,
CD89. In IgAN, these cells have been shown to
downregulate CD89 expression, which could lead
to reduced clearance of IgA from the circulation
and potentially contribute to increased serum IgA
levels.2® It has also been shown that mIgA purified
from patients with IgAN binds less well to CD89
than migA from healthy controls, and this could
act to disrupt the efficiency of systemic IgA clear-
ance in IgAN.33 Alterations in the posttransl ational
modification of CD89 have aso been reported in
IgAN. Myeloid CD89 molecules isolated in IgAN
are consistently larger (60-85 kDa) than those of
controls (55-75 kDa) and show decreased binding
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to a sidic acid-specific lectin indicating impaired
siaylation of surface CD89 molecules2® This
could potentially influence the receptor-ligand in-
teraction and could help explain the reduced bind-
ing of migA seen in IgAN.

Characteristics of Mesangial IgA in IgA
Nephropathy

Circulating 1gA in IgAN is therefore abnormal
in a number of respects. Which of these character-
istics might promote mesangial deposition in a
given individual?

Examination of the IgA molecules deposited in
the kidney will clearly provide crucia insightsinto
this issue, but opportunities for such studies are
relatively limited compared with the ease with
which serum IgA can be studied. The mesangial
deposits aways contain 1gA1, whereas the pres-
enceof IgA2, 1gG, and IgM are variable and do not
seem to be required for development or progres-
sion of glomerulonephritis.>* The deposited IgA
has been shown to bind SC, and therefore to con-
sist at least partly of J chain-containing plgA mol-
ecules. Compared with serum IgA, IgA eluted
from biopsy sections displays a predominance of
the & light chain and is more anionic.5> Opportu-
nities to study the O-glycosylation of deposited
IgA1l are limited by the modest amount of IgA that
can be eluted from a typical renal biopsy core.
However, it is clear from two recent studies that
the mesangial IgA 1 has an O-glycosylation pattern
that exaggerates the abnormality seen in serum
IgA1, suggesting that atered O-glycosylation is a
factor directly promoting mesangial deposition*o.56
(Table 1).

Attempts to identify the antigen specificity of
mesangia IgA have not produced consistent find-
ings. Some viral and bacterial antigens have been
detected in mesangia deposits, but the findings are
widely variable and could indicate the production
of 1IgA with nephritogenic features during the im-
mune response to certain infections in individua
cases rather than implicating these pathogens per
Se as causative agents.

It is clear that the deposited IgA has the same
abnormal physicochemical features as serum IgA
in IgAN (summarized in Table 1), the “pathogenic
IgA phenotype,” but that the mesangia IgA is
“enriched” for these abnormalities. This strongly
suggests that circulating IgA consists of molecules
heterogeneous in all these respects, and it is those
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molecules at the most abnormal end of the spec-
trum that deposit in the mesangium. Therefore, to
produce mesangia 1gA deposits, a subtle increase
in circulating IgA with these characteristics is
probably more significant than large changes in
total 1gA or other physicochemical types of IgA.
Which of the pathogenic IgA features are actually
responsible for deposition is not clear, but altered
O-glycosylation is perhaps the most attractive can-
didate, because it can affect the three-dimensional
shape and charge of the IgA1 molecule, which
could modify the interactions of IgA1 with cells
and proteins, and there is good evidence for its
direct involvement in complex formation.49:50

Control of Production of Pathogenic IgA
in IgA Nephropathy

Although it is possible that there are a variety of
IgA characteristics that promote deposition, there
are no clinically distinct subgroups of patients who
might share such differing characteristics and
therefore deposit IgA by different mechanisms.
How the different elements of the pathogenic IgA
phenotype relate to one another is unclear, but it is
implausible that each is atotally separate entity; it
seems much more likely that they reflect different
aspects of a common defect of the IgA immune
system. Indeed, there is evidence that some of
these properties are coexhibited by the same IgA;
for example, the raised serum fraction is restricted
to plgAl, and plgA15A is anionic as a result of
increased sialylation.4!

Whether the plgAl production occurs in the
mucosa or the marrow has been a matter of con-
tinuing debate. The association of episodic macro-
scopic hematuria with respiratory and gastrointes-
tinal tract infections that is so characteristic of the
disease has led to the suspicion that IgAN is inti-
mately linked with abnormal mucosal antigen han-
dling. This is further suggested by the consistent
observation that both mesangial IgA and the in-
crease in serum IgA are polymeric, the type of IgA
that is normally produced at mucosal surfaces
rather than in systemic immune sites, and severa
studies that show increased serum levels of plgA
antibodies against mucosal antigens.5”-5° However,
the presence of plgA in the circulation cannot be
simply attributed to mucosal overproduction and
“spillage” into the circulation. Mucosal plgA
plasma cell numbers are normal or even reduced in
IgAN,80.61 whereas plgA antibody levels in muco-
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sal secretions are not elevated and are sometimes
lower than controls.62 On the other hand, increased
plgA1 plasma cell numbers are found in the bone
marrow in IgAN,8364 and systemic antigen chal-
lenge results in increased titers of circulating
plgA1 antibodies*¢47 with normal levels in muco-
sal secretions.®s Therefore, the overproduction of
plgAl seems likely to be based in systemic im-
mune sites such as the bone marrow, with both
systemic and mucosal antigen challenges resulting
in this systemic overresponsiveness. As well as an
increase in IgA antibody titers, the IgA immune
response to immunization is prolonged in IgAN.47
This could be related to a functional defect of 1gA
antibody affinity10 |eading to antigen persistencein
the patients, athough IgG function appears to be
normal, and the patients do not show any signs of
overt mucosal or systemic immunodeficiency.

Alternatively, the systemic immune microenvi-
ronment could have an inherent bias toward plgA
production. A number of studies have shown that
peripheral blood mononuclear cells and circulating
T cells overexpress Th2 cytokinesse-68 as well as
IL-10 and TGF-B,%%-71 both of which are potent
promoters of IgA. Studies of circulating lympho-
cyte populations must, however, be interpreted
with caution, because of the diversity of subsets
represented. It is not always possible to be confi-
dent which subpopulation of lymphocytes are rep-
resented, and what are the origin and destination of
such cells.

Abnormalities in the specific factors that influ-
ence the type of IgA produced in a given situation
would be of great relevance in IgAN, but these
control mechanisms remain unknown. Normally,
mucosal IgA production is amost exclusively
polymeric, whereas systemic IgA is monomeric.
Presumably, elements of the mucosal microenvi-
ronment promote J chain expression. It is aso
possible that other features of the pathogenic IgA
phenotype such as light chain use and O-glycosyl-
ation are under similar control to polymer produc-
tion, and that the pathogenic IgA is actualy a
“mucosal phenotype” aberrantly occurring in the
circulation.

O-glycosylation is of particular interest in this
context, because it has the potential directly to
influence 1gA deposition. 1gA1 is O-glycosylated
as part of the synthetic process within the plasma
cell by the action of various intracellular glycosyl-
transferases. Abnormal IgA O-glycosylation in
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IgAN arises from a synthetic defect; there is no
evidence for excess postsecretory degradation of
the O-glycan chains,”2 and the amino acid se-
quence of the IgA1 hinge region, which provides
the template for O-glycosylation, also appears to
be normal.”® The O-glycosylation defect in IgAN
appears to take the form of reduced galactosyla-
tion. The enzyme B1,3-gaactosyltransferase cata-
lyzes the addition of galactose to O-linked Gal-
NAc. We have found some evidence of a
functional defect in B1,3-galactosyltransferase in
periphera blood B cells,” but we have not found
any evidence for an overt defect in the activity of
thisenzyme in bone marrow B cellsin IgAN (Buck
KS, unpublished observations). However, these
studies investigated total B cells from patients and
controls, and it is still possible that a minority B
cell subpopulation with abnormal 81,3GT function
is responsible for the production of abnormally
glycosylated 1gA1 in IgAN. The glycosylation of
secretory IgA appears to differ from that of serum
IgA in norma human subjects with lower sialyla
tion,”s demonstrating that the degree of O-galacto-
sylation could well vary between immune sites,
athough the factors controlling this remain un-
known. Thisis supported to some extent by reports
showing that in murine systems, Th2 cytokines
have been shown to influence IgA N-glycosyla
tion,”s although this data is difficult to extrapolate
to the human situation because mouse IgA lacks
O-glycosylation.

If this supposition is correct, “aberrantly” gly-
cosylated plgAl could be normal in some immune
sites such as the mucosa, and its excess presencein
the serum in IgAN could be a consequence of
defective or misplaced IgA immune responses. In
view of the evidence for an imbalance between the
mucosal and systemic IgA systems in IgAN, we
speculate that mucosal-type antigen handling or
regulatory influences could be aberrantly displaced
to systemic sites in IgAN. One particularly inter-
esting possibility isthat IgAN results from a break-
down of oral tolerance, perhaps on a genetic back-
ground favoring IgA production. Support for this
theory includes the presence in the circulation of
IgA antibodies against food and mucosal environ-
mental antigens®®.77-80 and evidence of low-level
chronic inflammatory activity in intestinal muco-
saslez v§ T cells are particularly implicated as
mediators of oral tolerance in the mouse,22 and
athough their role in human oral tolerance is un-
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proven, there are several reports of aberrant y6 T
cell populationsin IgAN. Cells expressing V63 are
deficient from both the duodena mucosa and the
bone marrow in IgAN.8384 Another study found
that total circulating yé6 T cell numbers were in-
creased in IgAN and further increased during a
systemic immune response,*8 athough the func-
tional subset of these y6 T cells was not investi-
gated. Finally, peripheral blood yé T cells from
patients with IgAN have been shown to express
TGF-B (an important cytokine in murine ora tol-
erance) and specifically to promote IgA production
by B cellsin culture.8s

THE ROLE OF THE MESANGIUM IN IgAN
The Normal Mesangium

The mesangium, consisting of mesangia cells
(MC) and the surrounding mesangial matrix, plays
a key role in the maintenance of glomerular ho-
meostasis. The mesangium provides structural sup-
port for the glomerular capillary loops; MC con-
tractility controls glomerular filtration, and MC
contribute to the continual remodelling, which
helps maintain the integrity of the mesangial ma-
trix and the GBM. In addition to these physiolog-
ical functions, the MC has also been implicated in
coordinating the local response to glomerular in-
jury because it is capable of generating a plethora
of inflammatory mediators and cytokines and can
respond to a number of different hormonal, para-
crine, and autocrine signals.86.87

Mechanisms of Mesangial IgA Deposition

Although accumulation of IgA in the mesan-
gium is the pathogenic hallmark of 1gAN, not all
IgA deposition is associated with the development
of glomerulonephritis.®® Furthermore, IgA deposi-
tion is not necessarily an irreversible phenomenon;
mesangial 1gA deposits in kidneys inadvertently
transplanted into recipients who originally did not
have IgAN disappear23 and sequential biopsy stud-
ies suggest that clinical remission is accompanied
by disappearance of IgA deposits.8® Together this
suggests that the mesangium is normally capable
of clearing finite amounts of IgA and that pro-
cesses distinct from IgA deposition are necessary
for the development of glomerulonephritis. In
IgAN, mesangial IgA accumulation occurs because
therate of IgA deposition either exceeds this clear-
ance capacity and/or the deposited IgA isin some
way resistant to mesangia clearance.
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IgA deposition cannot be explained by a simple
flooding of the glomerulus with high levels of
serum IgA that overwhelm mesangial clearance
mechanisms. Accepting that the process of IgA
deposition is not directed against mesangial anti-
gens, the IgA molecule must therefore possess
certain intrinsic physicochemical features that pro-
mote mesangial deposition in IgAN, the “patho-
genic IgA phenotype” (Table 1). Not all features of
this pathogenic IgA will apply to al IgA mole-
cules, perhaps explaining the poor correlation be-
tween total serum IgA levels and mesangia 1gA
deposits. Indeed, the levels of circulating patho-
genic IgA could be very low; however, because
pathogenic IgA is continuously present in the cir-
culation as a result of intrinsic abnormalities in
regulation of IgA production, glomeruli will have a
prolonged pathogenic IgA exposure, ie, ahigh IgA
load, resulting in incessant mesangial IgA accumu-
lation and glomerular damage.

It remains unclear which physicochemical char-
acteristics of the pathogenic IgA phenotype dictate
mesangial deposition, and could therefore be found
in individuals with mesangial 1gA but no glomer-
ulonephritis, and which features are responsible for
the initiation of a proinflammatory glomerular re-
sponsein susceptible individuals. In animal models
of glomerulonephritis, it has been known for some
time that macromolecular 1g-containing complexes
are particularly prone to mesangial deposition. It
seems likely therefore that the increased levels of
serum IgA macromolecules in IgAN will promote
mesangial deposition through nonspecific size-de-
pendant mesangia trapping. The exaggerated O-
glycosylation defect detected in mesangial 1gA1
could promote this phenomenon; it has been shown
that aberrantly glycosylated IgA1 molecules have
an increased tendency both to self-aggregate*® and
form antigen—antibody complexes with 1gG anti-
bodies directed against IgA1 hinge epitopes.>° Fur-
thermore, altered IgA1 O-glycosylation isafeature
also seen in other conditions associated with glo-
merular IgA deposition.3+%° There is also evidence
from transgenic mice that soluble CD89—-gA com-
plexes generated after binding of IgA to membrane
bound CD89 are associated with massive mesan-
gial 1gA deposition.®! It is possible that circulating
FcaRI-IgA complexes could form part of the cir-
culating pool of macromolecular “pathogenic” 1gA
in human IgAN, although more recent data suggest
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that CD89-1gA complexes might not be specific to
IgAN.92

In addition to nonspecific, size-dependent mes-
angial trapping, there is aso evidence that IgA
deposition could be influenced by interactions be-
tween IgA and specific mesangial matrix compo-
nents. Studies in rena biopsy material show re-
binding of IgA eluates to autologous glomeruli and
to some other IgAN samples but not to normal
glomeruli, suggesting that specific IgA—matrix in-
teractions could be present.93 IgA1 glycosylation
again appears to influence matrix interactions;
molecules lacking terminal sialic acid and galac-
tose units in vitro have increased affinity for the
extracellular matrix components fibronectin and
type 1V collagen.43 The anionic pl of mesangial
IgA could also promote interactions with such
mesangial proteins.

Although immunoglobulins with A light chains
do seem to predominate in glomerular deposits in
various rena diseases,® it is unlikely that A light
chain use per seis the driving force behind depo-
sition in IgAN, because significant amounts of
IgA1A isfound in the circulation of al individuals

Mesangial Cell IgA Receptors and IgA Clearance

For 1gA accumulation to develop, the rate of
mesangial IgA deposition must exceed that of mes-
angial clearance. The principal candidate pathway
for IgA clearance is through mesangial cell (MC)
receptor-mediated endocytosis and catabolism of
IgA deposits. Unfortunately, the published data
concerning the interaction of IgA with MC and the
expression of 1gA receptors by MC is inconsistent
(Table 2). It is clear, however, that human MC
express at least one type of IgA receptor and that
this differs from the other IgA receptors thus far
characterized: CD89 (FcaRI), polymeric Ig recep-
tor, and hepatic ASGPR. It has been reported that
human M C express the transferrin receptor (CD71)
and that this could act as a receptor for IgA in
IgAN.959 There is also preliminary evidence that
human MC could in addition express an ASGPR,
an Fc o/ receptor and a novel FcaR..97-%9 Inde-
pendent of the receptor involved, there is in vitro
evidence that MC are capable of receptor-mediated
endocytosis and catabolism of 1gA, supporting the
role of the MC as amagjor contributor to mesangial
IgA clearance.?71 |t is not yet known whether
there are abnormalities of MC IgA binding in
IgAN; however, it is possible that impaired binding
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Table 2. Review of Evidence on Identification of the Mesangial Cell (MC) IgA Receptor(s)*
Demonstration of Demonstration of
Receptor mRNA Using Receptor Protein Using Functional Effects of MC
Receptor Human MC or Renal Biopsies Human MC or Renal Biopsies Receptor Crosslinking

plgR No No N/A

Hepatic ASGPR No No N/A

FcaRI (CD89) Yes No N/A

Transferrin receptor Yes Yes Not known

(CD71)

Novel FcaR N/A Yes MC proliferation, cytokine & ECM
synthesis, activation of second
messenger pathways and
upregulation of transcription
factors.t

Fc a/u R Yes No No

Novel ASGPR N/A Yes Catabolism of desigA

Abbreviation: N/A; not applicable.

* Only studies using human MC or human renal biopsy data have been included ([reviewed by Monteiro, 2002]10°

plgR, polymeric immunoglobulin receptor; ASGPR, asioaloglycoprotein receptor; FcaR, receptor binding the Fc region
of IgA; Fca/uR, receptor binding both IgA and IgM; ECM, extracellular matrix components; deslgA, desialylated IgA; NA,

T These functional effects of receptor crosslinking have been observed with whole IgA molecules and most have been
shown to be Fca dependent. This does not therefore exclude the possibility that the observed effects could have been The

result of crosslinking of CD71 or Fc o/uR.

could lead to defective mesangial IgA clearance
and thereby contribute to IgA accumulation and
the development of glomerulonephritis.

Mechanisms of Initiation and Progression of
Glomerular Inflammation in IgA Nephropathy

Although 1gG and complement components are
often codeposited, IgA alone appears sufficient to
provoke glomerular injury in the susceptible indi-
vidual. In animal models, it has been shown that
passive transfer of either “pathogenic” IgA or T
cell-depleted allogeneic bone marrow cells from
IgAN-prone mice can trigger the development of
IgAN in previously normal animals.101.102 Further-
more, bone marrow transplanted from normal do-
nors lowers total serum IgA, including the macro-
molecular IgA fraction, while simultaneously
attenuating the glomerular lesions seen in these
IgAN-prone mice.103 Separately it has been shown
that deposition of plgA, but not migA, initiates
glomerulonephritis, suggesting that those IgA mac-
romolecules prone to mesangial trapping are also
capable of initiating inflammation.104

The development of glomerulonephritis follow-
ing IgA deposition is believed to result from both
IgA-induced activation of MC and local comple-
ment activation.

Mesangial Cell Activation

There is strong in vitro evidence that crosslink-
ing of MC IgA receptors with macromolecular IgA
elicits a proinflammatory and profibrotic pheno-
typic transformation in MC. Consistent with the
mesangial hypercellularity seen in renal biopsy
specimens, MC proliferate in response to
|gA 105106 Fyrthermore, exposure to IgA has been
shown to upregulate secretion of both extracellular
matrix components and the profibrotic growth fac-
tor TGF-B.197 |gA is aso capable of altering MC—
matrix interactions by modulating integrin expres-
sion, and this could have an important role in
remodelling of the mesangium following glomer-
ular injury.108 Exposure of MC to IgA is aso
capable of initiating a proinflammatory cascade
involving MC secretion of PAF, IL-18, IL-6,
TNF-a, and MIF; the release of the chemokines
MCP-1, IL-8, and IP-10; and development of an
amplifying proinflammatory loop involving IL-6
and TNF-a-induced upregulation of MC IgA re-
ceptors.1o° There is aso evidence that activation of
MC by codeposited IgG could synergistically con-
tribute to the development of a proinflammatory
MC phenotype and thereby influence the degree of
glomerular injury.110
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It is not yet clear which specific physicochemi-
cal properties of mesangial IgA affect MC activa-
tion; however, there is some in vitro evidence that
undergal actosylated IgA glycoforms from patients
with IgAN reduce proliferation, increase nitric ox-
ide synthesis and the rate of apoptosis, and enhance
integrin synthesis in cultured MC.108111 Thjs, to-
gether with the overrepresentation of aberrantly
glycosylated IgA in mesangia IgA, suggest IgA1
O-glycosylation plays arole in both the deposition
of IgA and the subsequent injury.

Complement

Although involvement of the complement cas-
cade is not essential for the development of IgAN,
there is evidence that local complement activation
can influence the extent of glomerular injury. In
rats, digA and plgA, but not migA, can activate
complement to induce glomerular damage.**4 Mes-
angial IgA activation of C3 probably occurs
through the mannan-binding lectin (MBL) path-
way and this ultimately leads to the generation of
C5b-9, sublytic concentrations of which can acti-
vate MC to produce inflammatory mediators as
well as matrix proteins. 112113 C3 and MBL are not
only deposited in the kidney in IgAN,54112.114 [yt
can aso be synthesized locally by the MC, and in
the case of C3, by podocytes aswell.115 [t islikely,
therefore, that once MC have bound IgA, they are
capable of activating complement, independent of
any systemic complement activity, by using endo-
genously generated C3 and MBL.115 MC aso syn-
thesize complement regulatory proteins,11¢ which
could explain why C5b-9 generation in IgAN does
not usually result in mesangiolysis. By contrast,
the downregulation of complement receptor 1
(CR1) by podocytes in IgAN could render podo-
cytes highly sensitive to complement attack.11?

Cellular Effector Mechanisms

In contrast to some other patterns of prolifera-
tive glomerulonephritis, IgAN is not generaly as-
sociated with a marked glomerular cellular infil-
trate, suggesting that most of the glomerular injury
is mediated by an expansion in resident glomerular
cells. However, as glomerular lesions become
more severe, the number of mononuclear cells
increases both in the mesangium and Bowman's
space. 118119 |n crescentic IgAN, not only macro-
phages, but also activated T cells, can be detected
in glomeruli.120 Like with other forms of glomer-
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ulonephritis, the number of glomerular macro-
phages has been correlated both with the presence
of crescents and the degree of renal dysfunction.11?

Progression or Resolution of Mesangial Injury

Although mesangia IgA deposition and the ini-
tiation by IgA of glomerular inflammation are spe-
cific to IgAN, mechanisms of the subsequent mes-
angial injury followed either by resolution or
progressive sclerosis are likely to be generic, not
differing substantially from those seen in other
forms of chronic mesangial proliferative GN unre-
lated to IgA. These processes have been exten-
sively studied in vitro and in anima models of
mesangia proliferative GN (particularly the anti-
Thy1.1 model). MC have atremendous capacity to
reconstitute normal mesangial morphology, even
after pronounced mesangial proliferative changes.
This occurs through MC apoptosis and the produc-
tion of antimitogenic factors, the removal of excess
matrix through the action of mesangial proteases
and antifibrotic factors, and the production of fac-
tors that will counteract various proinflammatory
products.t2t Recent experimental evidence sup-
ports the notion that a crucia factor that deter-
mines whether mesangial injury resolves or
progresses is the extent of secondary podocyte
damage following the primary mesangial injury.122
Unlike MC, podocytes have little regenerative ca-
pacity and the consequences of podocyte injury,
namely, proteinuria and segmental glomeruloscle-
rosis, are well-recognized mechanisms of progres-
sive renal disease.123.124

Tubulointerstitial Injury and Progressive Chronic
Renal Failure

Progressive chronic rena failure supervenes in
IgAN when persistent proteinuria and hypertension
develop in association with vascular and interstitial
injury. Available data suggest that these “down-
stream” events are likewise not specific to IgAN,
athough this supposition is largely based on cir-
cumstantial evidence. First, the pathologic features
of progression do not differ in IgAN compared
with other chronic proteinuric renal diseases. They
include progressive glomerulosclerosis (predomi-
nantly global but sometimes segmental) with tubu-
lar atrophy, interstitial fibrosis, and vascular scle-
rosis. Specific features of IgAN such as the extent
and location of glomerular IgA deposits are not
predictive of progression, with the possible excep-



210

tion of capillary wall deposits, which could mark a
poor prognosis. The extent of mononuclear cell
infiltration into the tubulointerstitium again does
not differ from that seen in other forms of progres-
sive GN, reflecting the final common pathway of
renal parenchymal disease.’25 There is, however,
evidence in IgAN that these infiltrating y8- and
af3-T cells could be proliferating oligoclonally in
response to a particular antigen, although the na-
ture of this antigen is currently unknown.126.127

Clinical parameters predicting risk of progres-
sion likewise are nonspecific, proteinuria and hy-
pertension being the best predictors both when
present at diagnosis and also when occurring dur-
ing follow up.128 Clinical features specific to IgAN
such as a history of episodic macroscopic hematu-
riaor elevated serum IgA levels do not predict risk
of progression.

These mechanisms of progressive rena failure
have been widely studied in the context of many
renal diseases, including IgAN. Modification of
these processes is a major target for currently
available therapies for progressive renal failure.
They are not further discussed here.

THE GENETICS OF IgA NEPHROPATHY

There is little doubt that there are genetic com-
ponents to the pathogenesis and clinical expression
of IgAN. This has been inferred from the existence
of familial forms of 1gAN,12° the presence of ele-
vated serum IgA levels and overproduction of IgA
by cultured peripheral blood B lymphocytes in
otherwise unaffected family members of patients
with IgAN,130 and the failure of exposure to mes-
angial 1gA depositsto lead to IgAN in al individ-
uals.88 However, population studies have failed to
show a consistent association with any single ge-
netic marker, suggesting that IgAN does not have
classic Mendelian inheritance attributable to a sin-
gle gene locus but is a complex polygenic disease
probably involving both MHC (major histocom-
patibility complex) and non-MHC susceptibility
aleles.

Most population studies in IgAN to date have
been relatively small case-control genetic associa-
tion studies examining single nucleotide polymor-
phisms (SNPs) in single candidate gene (reviewed
by Hsu, 2000).131 The lack of concordance across
many of these studies reflects both small sample
sizes (most included fewer than 150 patients) and
the methodologic limitations of using such a strat-
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egy in studying a complex polygenic disease.13t
This is compounded by the difficulty in defining
IgAN as asingle disease in light of both its varied
clinical presentation and the range of injury as
assessed by light microscopy. ldentification of
non-MHC susceptibility alleles has proved partic-
ularly difficult, predominantly because of exten-
sive genetic heterogeneity and the possibility of
epistatic interactions among the multiple genes in-
volved in a complex genetic disease.32 Further-
more, many of the published studies have reported
on genetic factors influencing progression of renal
failure in IgAN rather than on disease pathogene-
sis. It is preferable that these two processes should
be viewed as separate, the former being generic to
al GN and the latter specific to IgAN.

In amove away from case-control genetic asso-
ciation studies, Ghavari et al., using genome-wide
linkage analysis in 30 multiplex kindreds, have
demonstrated linkage of IgAN to 6g22-23.133 Link-
age to thislocus (IGANL1) could only, however, be
demonstrated using a dominant mode of inheri-
tance with incomplete penetrance and locus heter-
ogeneity. Interestingly, there are no obvious can-
didate genes within the linked interval, and no
linkage could be found in the same kindreds for a
number of candidate genes al implicated in the
pathogenesis of IgAN. Further definition of the
genesinvolved within the IGANL1 locusis awaited.

The MHC and IgA Nephropathy

Which genes might contribute to the genetic
background in IgAN? It might be predicted that the
MHC, and in particular, MHC class | and I, are
involved. Certainly class Il polymorphisms could
restrict peptide-binding specificity and thereby
lead to the selection of pathogenic T cell subsetsin
IgAN. Indeed, there is evidence that T cells in
IgAN display restricted T cell receptor V3 chain
CDR3 sequences.’26 However, case-control ge-
netic association studies of single class| and Il loci
have failed to identify a consistent association with
IgAN.131 This is perhaps not surprising as MHC
polymorphisms are thought to be both gender- and
geography-specific. Furthermore, it is recognized
that haplotypes crossing MHC class |, 11, and prob-
ably Il (which includes the TNF cluster and var-
ious complement components) could be inherited
as an extended haplotype. HLA A1-B8-DR3-DQ2
is frequently seen in autoimmune rheumatic dis-
eases (particularly SLE) in the white population
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and has been linked with high TNF-a produc-
tion.134 Polymorphisms within the TNF cluster are
increasingly being associated with susceptibility to
and severity of a variety of diseases, including
renal allograft rejection,35 SLE,34 and inflamma-
tory bowel disease.’3¢ TNF-a expression is known
to be upregulated in glomeruli in IgAN.137 Like
with MHC class | and Il, the limited studies in
IgAN have thusfar failed to clarify therole, if any,
of class Il polymorphisms in IgAN and have not
begun to address the possibility of an extended
HLA disease haplotype in IgAN. To have any hope
of identifying a genuine association between the
MHC and IgAN, future work must address the
failings of these earlier studies by ensuring thereis
simultaneous testing for multiple polymorphisms
across the entire MHC, and that the populations
studied are well defined and large enough to allow
robust statistical analysis.

Non-MHC Genes and IgA Nephropathy

Increasing recognition that most, if not all, com-
ponents of the immune system are highly polymor-
phic, and that these polymorphisms can affect im-
mune activity has promoted the study of non-MHC
susceptibility aleles in complex genetic diseases.
Currently there is no convincing evidence for an
association between IgAN and polymorphisms
within genes integral to the production of IgA
itself; genes studied include the immunoglobulin
heavy chain cluster, immunoglobulin heavy chain
switch region gene, relevant galactosyltrans
ferases, and CD@89.131.133 However, we propose
that in IgAN, there is a broader dysregulation of
plgAl production in response to environmental
triggers rather than a specific qualitative defect in
the IgA molecule itself. More reasonable patho-
genic candidates might therefore be the highly
polymorphic cytokine, growth factor, and their
counterreceptor genes, which play a pivota role
throughout the immune response. A number of
these polymorphisms are associated with variant
levels of gene expression, and any qualitative or
quantitative effect on cytokine or growth factor
production will inevitably impinge on the synthesis
and secretion of other members of the cytokine
cascade and could therefore ater the IgA immune
response to viral and bacteria infections.138 In-
deed, polymorphisms of both non-MHC and MHC
genes have been associated with phenotypic differ-
ences in response to infection.13%-141 | jke with the
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MHC, it is postulated that cytokine allele frequen-
cies vary among racial and/or geographic groups,
implying that different cytokine polymorphisms
could act in different populations in IgAN. Fur-
thermore, polymorphisms in the genes encoding
surface costimulatory molecules are being identi-
fied, and associations between membrane-bound
accessory molecules on peripheral blood cells and
disease incidence, including renal allograft rejec-
tion, have been described.142143 Polymorphisms
within the adhesion molecule ICAM-1 have also
recently been implicated in the susceptibility to
some vasculitides.*44 Studies examining such poly-
morphisms in IgAN are limited45-148; gl have
been small case-control association studies limit-
ing interpretation of their findings for the reasons
aready mentioned.

The Genetics of Progressive Renal Failure

Finaly, a genetic predisposition to progressive
renal failure must be considered. There are a num-
ber of candidate genes, of which the most widely
studied have been genes controlling production of
proteinsin the renin—angiotensin system, including
ACE and angiotensinogen. Other candidate genes
include nitric oxide synthase, kallikrein, and some
cytokines (interleukin-18 and tumor necrosis fac-
tor-a), as well as growth factors such as TGF-S1
known to have rena fibrogenic effects.

The ACE gene has received most attention, es-
pecialy its insertion/deletion (I/D) polymor-
phisms. Individuals who carry the DD allele have
higher levels of circulating and tissue ACE, and
could aso have a higher risk of progression in
response to hypertension. However, the proposa
that DD was significantly associated with risk of
progression in IgAN has not been confirmed con-
sistently, and at present, there is no convincing
evidence that ACE or other related gene polymor-
phisms predict the risk of progressive rena failure
in individuals with IgAN.131.149 |t js more probable
that synergistic interactions between a number of
gene polymorphisms will influence the risk of pro-
gression of IgAN and contribute to the genetics
IgAN, but as yet, such synergisms are only just
emerging.1s0

Clearly, the list of candidate susceptibility and
progression aleles is enormous and will increase
as more polymorphisms are identified. Their con-
tribution will vary not only between individuals,
but also across populations, making elucidation of
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an “IgAN haplotype’ a daunting task. However,
with the publication of an almost complete nucle-
otide sequence of the human genome, the genera-
tion of detailed physical and molecular maps of the
magjority of human linkage groups, and improving
technology, it should prove possible to identify
disease genes in IgAN and build understanding of
an IgAN genotype over the next decade.

An IgAN Genotype/Phenotype

In the absence of single “IgAN gene(s),” we
propose that it could be more helpful to consider
that individuals with IgAN must have an IgAN
genotype/phenotype. This constellation of features
represents a composite of all genetic loci contrib-
uting to the development of IgAN and includes
genesinfluencing IgA deposition, those controlling
the mesangia inflammatory response, and still oth-
ers modifying progression of rena failure. To-
gether they generate a global phenotype that pre-
disposes to the development of IgAN after
interaction with as-yet undefined environmental
factors. The contribution of loci will vary from
individual to individual; however, the sum of all
loci, including epistatic interactions between loci,
will determine whether mesangial 1gA deposition
is benign or initiates GN. An individua’s IgAN
genotype/phenotype will also determine the extent
of glomerular damage in response to IgA deposi-
tion and the degree of subsequent glomeruloscle-
rosis.

SUMMARY

Figure 4 summarizes our current understanding
of the pathogenic pathways in IgAN, showing the
major features at each stage in the process from
exposure of the IgA immune system to the end
point of progressive IgAN.

Systemic IgA Response

Thereis no convincing evidence for the involve-
ment of specific antigens; rather, there is dysregu-
lation of the IgA response to a wide range of
antigens. The abnormal systemic IgA immune re-
sponse promotes synthesis of plgA1 with physico-
chemical characteristics, which favors mesangial
deposition, the pathogenic IgA phenotype. We pro-
pose that this constitutes the synthesis of IgA in the
systemic compartment, which has the phenotype of
mucosal IgA. The reasons for this shift of IgAl
production require further elucidation but likely
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include abnormalities of T cell regulation. Persis-
tence of such plgA1in the circulation could also be
favored by defects in IgA clearance. Altered O-
glycosylation of the hinge region of IgA1l is a
striking feature of the circulating plgA1 and could
reflect the shift to mucosal-type IgA. There is not
an absolute change in structure of IgA1l to an
entirely abnormal form; rather, there is a shift that
results in a proportional increase in forms of IgA1
aso found in hedthy individuals.

Mesangial IgA Deposition

The atered O-glycosylation of the hinge region
of IgA1 appears to be the main factor promoting
IgA deposition, perhaps by favoring the develop-
ment of 1gA-1C and other macromolecular forms
of IgA. Passive trapping of IgA remains the most
likely mechanism of IgA deposition, but modifica-
tion of interaction with mesangial components
could also contribute.

Mesangial Injury Subsequent to IgA Deposition

Once IgA1l is deposited, the principal pathways
for glomerular injury are through interactions of
the plgA1 with the cells and extracellular matrix
proteins of the mesangium and the activation of
complement.

Progressive Renal Failure

The fina clinica expresson of IgAN will aso
depend on the extent to which generic factors influ-
encing progression risk, including hypertenson and
proteinuria, produce a rend fibrotic response.

Genetics of IgA Nephropathy

Crucidly, the interaction between all these ele-
ments is played out on a complex genetic back-
ground in which the interactions of alarge number
of gene polymorphisms produce an IgAN geno-
type, which likely has a major impact on the even-
tual disease phenotype.

CONCLUSION

This review demonstrates the exciting progress
that has been made in our appreciation of the
pathogenesis of IgAN over recent years. However,
as yet, these insights have not had any impact on
the clinical management of IgAN. We are not yet
close to aposition in which rational treatments can
be designed to interrupt these disease processes at
an early stage, which will alow the prevention of
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1. Antigen exposure

IgAN driven by continued exposure
to mucosal (and systemic) antigens.

. 2

2. Systemic IgA response

IgAN characterised by an abnormal

systemic IgA response to antigen:

* exaggerated IgA response to all antigens
* IgA with low affinity for antigen

* prolonged IgA response to antigen

* increased polymeric IgA1

+ aberrant IgA1 O-linked glycosylation

« increased IgA-A chain expression

* more anionic IgA

. 2

3. Mesangial IgA deposition

IgA molecules most prone to mesangial
deposition are:

+ polymeric IgA1

* anionic IgA

« aberrantly glycosylated IgA1

« IgA-A

. 1

Fig 4. Current under-
standing of the pathogene-
sis of IgA nephropathy. For
each of the five steps in
pathogenesis, the right-

T

S

4. Initiation of glomerulonephritis

The mesangial cell is pivotal in initiating
glomerular injury through:

» cross-linking of IgA receptors and release
of cytokines, growth factors & ECM

* complement activation via MBL pathway

hand column summarizes
the features best docu-
mented in patients with

IgAN. The central bar em-
phasizes that the entire pro-
cess is played out against a
complex genetic back-
ground, which likely influ-
ences all aspects of the
pathogenic pathway.

5.

clinically significant rena disease. Treatment for
IgAN, as exemplified in other contributions to this
publication, for the present predominantly relies on
strategies that interrupt “downstream” events that
are generic to other forms of chronic, progressive
renal disease, rather than specific to IgAN.

REFERENCES

1. Floege J, Burg M, Kliem V: Recurrent IgA nephropathy
after kidney transplantation: Not a benign condition. Nephrol
Dial Transplant 13:19331935, 1998

2. Cuevas X, Lloveras J, Mir M, et al: Disappearance of
mesangial IgA deposits from the kidneys of two donors after
transplantation. Transplant Proc 19:2208-2209, 1987

3. Sanfilippo F, Croker BP, Bollinger RR: Fate of four
cadaveric donor renal alografts with mesangia IgA deposits.
Transplantation 33:370-376, 1982

Factors influencing progression are
probably generic to all GN:

* Blood pressure control

*Severity of proteinuria

*Susceptibility to renal fibrosis

GENETIC SUSCEPTIBILITY INFLUENCES ALL ASPECTS OF DISEASE PATHOGENESIS

4. Viertel A, Weidmann E, Rickerts V, et al: Renal involve-
ment in HIV-infection. Results from the Frankfurt AIDS Cohort
Study (FACS) and a review of the literature. Eur J Med Res
5:185-198, 2000

5. Davin JC, Ten Berge 1J, Weening JJ: What is the differ-
ence between IgA nephropathy and Henoch-Schonlein purpura
nephritis? Kidney Int 59:823-834, 2001

6. Kerr MA: The structure and function of human IgA.
Biochem J 271:285-296, 1990

7. Johansen FE, Braathen R, Brandtzaeg P: Role of J chain
in secretory immunoglobulin formation. Scand J Immunol 52:
240-248, 2000

8. Russell MW, Kilian M, Lamm ME: Biological activities
of IgA. In: Mestecky J, Bienenstock J, McGhee J, Lamm M,
Strober W, Ogra P eds. Mucosal Immunology, ed 2. San Diego:
Academic Press, 1999:225-240

9. Mestecky J, Russell MW, Elson CO: Intestinal IgA:



214

Novel views on its function in the defence of the largest
mucosal surface. Gut 44:2-5, 1999

10. Layward L, Allen AC, Hattersley JM, et a: Low anti-
body affinity restricted to the IgA isotype in IgA nephropathy.
Clin Exp Immunol 95:35-41, 1994

11. Lycke N: T cell and cytokine regulation of the IgA
response. Chem Immunol 71:209-234, 1998

12. Defrance T, Vanbervliet B, Briere F, et al: Interleukin 10
and transforming growth factor beta cooperate to induce anti-
CDA40-activated naive human B cellsto secrete immunoglobulin
A. JExp Med 175:671-682, 1992

13. Fujihashi K, Kweon MN, Kiyono H, et a: A T cell/B
cell/epithelia cell Internet for mucosal inflammation and im-
munity. Springer Semin Immunopathol 18:477-494, 1997

14. Abreu-Martin MT, Targan SR: Regulation of immune
responses of the intestinal mucosa. Crit Rev Immunol 16:277-
309, 1996

15. Brandtzaeg P, Farstad IN, Johansen FE, et a: The B-cell
system of human mucosae and exocrine glands. Immunol Rev
171:45-87, 1999

16. Wiedle G, Dunon D, Imhof BA: Current concepts in
lymphocyte homing and recirculation. Crit Rev Clin Lab Sci
38:1-31, 2001

17. Pabst R, Binns RM: In vivo labelling of the spleen and
mesenteric lymph nodes with fluorescein isothiocyanate for
lymphocyte migration studies. Immunology 44:321-329, 1981

18. Pabst R, Reynolds JD: Peyer’s patches export lympho-
cytes throughout the lymphoid system in sheep. J Immunol
139:3981-3985, 1987

19. Alley CD, Kiyono H, McGhee JR: Murine bone marrow
IgA responses to orally administered sheep erythrocytes. J Im-
munol 136:4414-4419, 1986

20. Simecka JW: Mucosal immunity of the gastrointestinal
tract and ora tolerance. Adv Drug Deliv Rev 34:235-259, 1998

21. Roncarolo MG, Bacchetta R, Bordignon C, et a: Type 1
T regulatory cells. Immunol Rev 182:68-79, 2001

22. KeY, Pearce K, Lake JP, et al: Gammadelta T lympho-
cytes regulate the induction and maintenance of oral tolerance.
J Immunol 158:3610-3618, 1997

23. Fujihashi K, McGhee JR, Kweon MN, et a: Gamma/
delta T cell-deficient mice have impaired mucosal immunoglob-
ulin A responses. J Exp Med 183:1929-1935, 1996

24. Chao CC, Sandor M, Dailey MO: Expression and regu-
lation of adhesion molecules by gamma delta T cells from
lymphoid tissues and intestinal epithelium. Eur J Immunol
24:3180-3187, 1994

25. Lim SP, Leung E, Krissansen GW: The beta7 integrin
gene (Itgb-7) promoter is responsive to TGF-betal: Defining
control regions. Immunogenetics 48:184-195, 1998

26. van Egmond M, van Garderen E, van Spriel AB, et al:
FcalphaRlI-positive liver Kupffer cells: Reappraisal of the func-
tion of immunoglobulin A in immunity. Nat Med 6:680-685,
2000

27. Rifai A, Schena FP, Montinaro V, et a: Clearance ki-
netics and fate of macromolecular IgA in patients with IgA
nephropathy. Lab Invest 61:381-388, 1989

28. Rifai A, Fadden K, Morrison SL, et a: The N-glycans
determine the differential blood clearance and hepatic uptake of
human immunoglobulin (Ig)A1 and IgA2 isotypes. J Exp Med
191:2171-2182, 2000

29. Grossetete B, Launay P, Lehuen A, et a: Down-regula-

BARRATT, FEEHALLY, AND SMITH

tion of Fc apha receptors on blood cells of IgA nephropathy
patients: Evidence for a negative regulatory role of serum IgA.
Kidney Int 53:1321-1335, 1998

30. Feehally J Immune mechanismsin glomerular IgA dep-
osition. Nephrol Dial Transplant 3:361-378, 1988

31. Harada T, Hobby P, Courteau M, et a: Charge distribu-
tion of plasma IgA in IgA nephropathy. Clin Exp Immunol
77:211-214, 1989

32. Monteiro RC, Chevailler A, Noel LH, et a: Serum IgA
preferentially binds to cationic polypeptides in IgA nephropa-
thy. Clin Exp Immunol 73:300-306, 1988

33. Lam CW, Chui SH, Leung NW, et a: Light chain ratios
of serum immunoglobulins in disease. Clin Biochem 24:283-
287, 1991

34. Allen A, Feehally J: IgA glycosylation in IgA nephrop-
athy. Adv Exp Med Biol 435:175-183, 1998

35. Allen AC: Methodological approaches to the analysis of
1gA1 O-glycosylation in IgA nephropathy. J Nephrol 12:76-84,
1999

36. Mestecky J, Tomana M, Crowley-Nowick PA, et d:
Defective galactosylation and clearance of IgA1 molecules as a
possible etiopathogenic factor in 1gA nephropathy. Contrib
Nephrol 104:172-182, 1993

37. Allen AC, Bailey EM, Barratt J, et d: Analysis of IgA1
O-glycans in IgA nephropathy by fluorophore-assisted carbo-
hydrate electrophoresis. JAm Soc Nephrol 10:1763-1771, 1999

38. Hiki Y, Iwase H, Kokubo T, et a: Association of asialo-
galactosyl beta 1-3N-acetylgalactosamine on the hinge with a
conformational instability of Jacalin-reactive immunoglobulin
Al in immunoglobulin A nephropathy. J Am Soc Nephrol
7:955-960, 1996

39. Hiki Y, Tanaka A, Kokubo T, et a: Analyses of IgA1l
hinge glycopeptides in IgA nephropathy by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry.
J Am Soc Nephrol 9:577-582, 1998

40. Hiki Y, Odani H, Takahashi M, et al: Mass spectrometry
proves under-O-glycosylation of glomerular IgA1 in IgA ne-
phropathy. Kidney Int 59:1077-1085, 2001

41. Leung JC, Tang SC, Chan DT, et al: Increased siayla
tion of polymeric lambda-1gA1 in patients with IgA nephropa-
thy. J Clin Lab Anal 16:11-19, 2002

42. Boehm MK, Woof JM, Kerr MA, et a: The Fab and Fc
fragments of 1gA1 exhibit a different arrangement from that in
1gG: a study by x-ray and neutron solution scattering and
homology modelling. J Mol Biol 286:1421-1447, 1999

43. Kokubo T, Hiki Y, lwase H, et a: Protective role of
IgA1 glycans against IgA1 self-aggregation and adhesion to
extracellular matrix proteins. J Am Soc Nephrol 9:2048-2054,
1998

44, O'Donoghue DJ, Feehally J: Autoantibodies in IgA ne-
phropathy. Contrib Nephrol 111:93-103, 1995

45. Layward L, Allen AC, Hattersley JM, et al: Elevation of
IgA in IgA nephropathy islocalized in the serum and not saliva
and is restricted to the IgA1 subclass. Nephrol Dia Transplant
8:25-28, 1993

46. van den Wall Bake AW, Beyer WE, Evers-Schouten JH,
et a: Humoral immune response to influenza vaccination in
patients with primary immunoglobulin A nephropathy. An anal-
ysis of isotype distribution and size of the influenza-specific
antibodies. J Clin Invest 84:1070-1075, 1989

47. Layward L, Allen AC, Harper SJ, et a: Increased and



PATHOGENESIS OF IgA NEPHROPATHY

prolonged production of specific polymeric IgA after systemic
immunization with tetanus toxoid in IgA nephropathy. Clin Exp
Immunol 88:394-398, 1992

48. Fortune F, Courteau M, Williams DG, et a: T and B cell
responses following immunization with tetanus toxoid in IgA
nephropathy. Clin Exp Immunol 88:62-67, 1992

49. Kokubo T, Hashizume K, lwase H, et a: Humora im-
munity against the proline-rich peptide epitope of the IgAl
hinge region in IgA nephropathy. Nephrol Dia Transplant
15:28-33, 2000

50. Tomana M, Novak J, Julian BA, et a: Circulating im-
mune complexes in IgA nephropathy consist of IgA1l with
galactose-deficient hinge region and antiglycan antibodies.
J Clin Invest 104:73-81, 1999

51. Roccatello D, Picciotto G, Coppo R, et a: The fate of
aggregated immunoglobulin A injected in IgA nephropathy
patients and healthy controls. Am JKidney Dis 18:20-25, 1991

52. Leung JC, Tsang AW, Chan LY, et a: Size-dependent
binding of 1gA to HepG2, U937, and human mesangial cells.
J Lab Clin Med 140:398-406, 2002

53. van Zandbergen G, van Kooten C, Mohamad NK, et a:
Reduced binding of immunoglobulin A (IgA) from patients
with primary IgA nephropathy to the myeloid IgA Fc-receptor,
CD89. Nephrol Dia Transplant 13:3058-3064, 1998

54. Hisano S, Matsushita M, Fujita T, et a: Mesangia 1gA2
deposits and lectin pathway-mediated complement activation in
IgA glomerulonephritis. Am J Kidney Dis 38:1082-1088, 2001

55. Feehally J, Allen AC: Pathogenesis of IgA nephropathy.
Ann Med Interne (Paris) 150:91-98, 1999

56. Allen AC, Bailey EM, Brenchley PE, et a: Mesangia
IgAl in IgA nephropathy exhibits aberrant O-glycosylation:
Observations in three patients. Kidney Int 60:969-973, 2001

57. Leinikki PO, Mustonen J, Pasternack A: Immune re-
sponse to oral polio vaccine in patients with IgA glomerulone-
phritis. Clin Exp Immunol 68:33-38, 1987

58. Barratt J, Bailey EM, Buck KS, et a: Exaggerated sys-
temic antibody response to mucosal Helicobacter pylori infec-
tionin IgA nephropathy. Am JKidney Dis 33:1049-1057, 1999

59. Ots M, Uibo O, Metskula K, et al: IgA-antigliadin anti-
bodies in patients with IgA nephropathy: The secondary phe-
nomenon? Am J Nephrol 19:453-458, 1999

60. Westberg NG, Baklien K, Schmekel B, et a: Quantita-
tion of immunoglobulin-producing cells in small intestinal mu-
cosa of patients with IgA nephropathy. Clin Immunol Immu-
nopathol 26:442-445, 1983

61. Harper SJ, Pringle JH, Wicks AC, et a: Expression of J
chain MRNA in duodenal IgA plasmacellsin IgA nephropathy.
Kidney Int 45:836-844, 1994

62. de Fijter JW, Eijgenraam JW, Braam CA, et a: Deficient
IgA1 immune response to nasal cholera toxin subunit B in
primary 1gA nephropathy. Kidney Int 50:952-961, 1996

63. van den Wall Bake AW, Daha MR, Evers-Schouten J, et
a: Serum IgA and the production of IgA by peripheral blood
and bone marrow lymphocytes in patients with primary 1gA
nephropathy: Evidence for the bone marrow as the source of
mesangial 1gA. Am J Kidney Dis 12:410-414, 1988

64. Harper SJ, Allen AC, Pringle JH, et a: Increased dimeric
IgA producing B cells in the bone marrow in IgA nephropathy
determined by in situ hybridisation for J chain mRNA. J Clin
Pathol 49:38-42, 1996

65. Layward L, Finnemore AM, Allen AC, et a: Systemic

215

and mucosal IgA responses to systemic antigen challenge in
IgA nephropathy. Clin Immunol Immunopathol 69:306-313,
1993

66. Ichinose H, Miyazaki M, Koji T, et a: Detection of
cytokine mMRNA-expressing cellsin peripheral blood of patients
with IgA nephropathy using non-radioactive in situ hybridiza-
tion. Clin Exp Immunol 103:125-132, 1996

67. La KN, Ho RT, Lai CK, et a: Increase of both circu-
lating Thl and Th2 T lymphocyte subsets in IgA nephropathy.
Clin Exp Immunol 96:116-121, 1994

68. Ebiharal, HirayamaK, Yamamoto S, et a: Th2 predom-
inance at the single-cell level in patients with IgA nephropathy.
Nephrol Dia Transplant 16:1783-1789, 2001

69. La KN, Ho RT, Leung JC, et a: Increased mRNA
encoding for transforming factor-beta in CD4+ cells from
patients with 1gA nephropathy. Kidney Int 46:862-868, 1994

70. de Caestecker MP, Bottomley M, Telfer BA, et a: De-
tection of abnormal periphera blood mononuclear cell cytokine
networks in human IgA nephropathy. Kidney Int 44:1298-1308,
1993

71. deFijter W, Daha MR, Schroeijers WE, et d: Increased
I1L-10 production by stimulated whole blood culturesin primary
IgA nephropathy. Clin Exp Immunol 111:429-434, 1998

72. Allen AC, Harper SJ, Feehally J: Galactosylation of N-
and O-linked carbohydrate moieties of 1gA1 and 1gG in IgA
nephropathy. Clin Exp Immunol 100:470-474, 1995

73. Greer MR, Barratt J, Harper SJ, et a: The nucleotide
sequence of the IgA 1 hinge region in IgA nephropathy. Nephrol
Dia Transplant 13:1980-1983, 1998

74. Allen AC, Topham PS, Harper SJ, et a: Leucocyte beta
1,3 galactosyltransferase activity in IgA nephropathy. Nephrol
Dial Transplant 12:701-706, 1997

75. Pierce-Cretel A, Pamblanco M, Strecker G, et a: Heter-
ogeneity of the glycans O-glycosidically linked to the hinge
region of secretory immunoglobulins from human milk. Eur
J Biochem 114:169-178, 1981

76. Chintalacharuvu SR, Emancipator SN: The glycosyla-
tion of IgA produced by murine B cells is altered by Th2
cytokines. J Immunol 159:2327-2333, 1997

77. Feehally J, Beattie TJ, Brenchley PE, et a: Response of
circulating immune complexes to food challenge in relapsing
IgA nephropathy. Pediatr Nephrol 1:581-586, 1987

78. Nagy J, Scott H, Brandtzaeg P: Antibodies to dietary
antigens in IgA nephropathy. Clin Nephrol 29:275-279, 1988

79. Rostoker G, Petit-Phar M, Delprato S, et al: Mucosa
immunity in primary glomerulonephritis: 1. Study of the serum
IgA subclass repertoire to food and airborne antigens. Nephron
59:561-566, 1991

80. Kennel A, Bene MC, Hurault de Ligny B, et al: Serum
anti-dextran antibodies in 1gA nephropathy. Clin Nephrol 43:
216-220, 1995

81. Rantalal, Collin P, Holm K, et al: Small bowel T cells,
HLA class Il antigen DR, and GroEL stress protein in IgA
nephropathy. Kidney Int 55:2274-2280, 1999

82. Rostoker G, Delchier JC, Chaumette MT: Increased in-
testinal intra-epithelial T lymphocytesin primary glomerulone-
phritis: A role of oral tolerance breakdown in the pathophysi-
ology of human primary glomerulonephritides? Nephrol Dial
Transplant 16:513-517, 2001

83. Olive C, Allen AC, Harper SJ, et a: Expression of the



216

mucosal gamma delta T cell receptor V region repertoire in
patients with IgA nephropathy. Kidney Int 52:1047-1053, 1997

84. Buck KS, Foster EM, Watson D, et a: Expression of T
cell receptor variable region families by bone marrow gammad-
eltaT cellsin patients with IgA nephropathy. Clin Exp Immu-
nol 127:527-532, 2002

85. Toyabe S, Harada W, Uchiyama M: Oligoclonally ex-
panding gammadelta T lymphocytes induce IgA switching in
IgA nephropathy. Clin Exp Immunol 124:110-117, 2001

86. Schlondorff D: The glomerular mesangial cell: An ex-
panding role for a specialized pericyte. FASEB J 1:272-281,
1987

87. Schlondorff D, Moari T: Contributions of mesangial cells
to glomerular immune functions. Klin Wochenschr 68:1138-
1144, 1990

88. Waldherr R, Rambausek M, Duncker WD, et al: Fre-
quency of mesangial IgA deposits in a non-selected autopsy
series. Nephrol Dial Transplant 4:943-946, 1989

89. Hotta O, Furuta T, Chiba S, et a: Regression of IgA
nephropathy: A repeat biopsy study. Am J Kidney Dis 39:493-
502, 2002

90. Zickerman AM, Allen AC, Tawar V, et a: IgA my-
eloma presenting as Henoch-Schonlein purpura with nephritis.
Am J Kidney Dis 36:E19, 2000

91. Launay P, Grossetete B, Arcos-Fajardo M, et al: Fcalpha
receptor (CD89) mediates the development of immunoglobulin
A (IgA) nephropathy (Berger's disease). Evidence for patho-
genic soluble receptor-IgA complexes in patients and CD89
transgenic mice. J Exp Med 191:1999-2009, 2000

92. Van Der Boog PJ, De Fijter JW, Van Kooten C, et al:
Complexes of IgA with FcalphaRI/CD89 are not specific for
primary 1gA nephropathy. Kidney Int 63:514-521, 2003

93. Tomino Y, Endoh M, Nomoto Y, et a: Specificity of
eluted antibody from renal tissues of patients with IgA nephrop-
athy. Am J Kidney Dis 1:276-280, 1982

94. Orfila C, Rakotoarivony J, Manuel Y, et a: Immunoflu-
orescence characterization of light chains in human nephropa-
thies. Virchows Arch A Pathol Anat Histopathol 412:591-594,
1988

95. Moura IC, Centelles MN, Arcos-Fajardo M, et a: Iden-
tification of the transferrin receptor as a novel immunoglobulin
(Ig)A1 receptor and its enhanced expression on mesangial cells
in IgA nephropathy. J Exp Med 194:417-425, 2001

96. Haddad E, Moura IC, Arcos-Fajardo M, et al: Enhanced
expression of the CD71 mesangial IgA1 receptor in Berger
disease and Henoch-Schonlein nephritis: Association between
CD71 expression and IgA deposits. JAm Soc Nephrol 14:327-
337, 2003

97. Gomez-Guerrero C, Duque N, Egido J: Mesangial cells
possess an asialoglycoprotein receptor with affinity for human
immunoglobulin A. J Am Soc Nephrol 9:568-576, 1998

98. McDonald KJ, Cameron AJ, Allen JM, et al: Expression
of Fc apha/mu receptor by human mesangial cells: a candidate
receptor for immune complex deposition in IgA nephropathy.
Biochem Biophys Res Commun 290:438-442, 2002

99. Barratt J, Greer MR, Pawluczyk 1Z, et a: Identification
of a novel Fcalpha receptor expressed by human mesangial
cells. Kidney Int 57:1936-1948, 2000

100. Gomez-Guerrero C, Lopez-Armada MJ, Gonzalez E, et
al: Soluble IgA and 1gG aggregates are catabolized by cultured

BARRATT, FEEHALLY, AND SMITH

rat mesangial cells and induce production of TNF-alpha and
IL-6, and proliferation. J Immunol 153:5247-5255, 1994

101. Yan D, Rumbeiha WK, Pestka JJ: Experimental murine
IgA nephropathy following passive administration of vomi-
toxin-induced IgA monoclonal antibodies. Food Chem Toxicol
36:1095-1106, 1998

102. Imasawa T, Utsunomiya Y, Kawamura T, et al: Evi-
dence suggesting the involvement of hematopoietic stem cells
in the pathogenesis of 1gA nephropathy. Biochem Biophys Res
Commun 249:605-611, 1998

103. Imasawa T, Nagasawa R, Utsunomiya Y, et a: Bone
marrow transplantation attenuates murine IgA nephropathy:
Role of a stem cell disorder. Kidney Int 56:1809-1817, 1999

104. Stad RK, Bruijn JA, van Gijlswijk-Janssen DJ, et al: An
acute model for IgA-mediated glomerular inflammation in rats
induced by monoclonal polymeric rat IgA antibodies. Clin Exp
Immunol 92:514-521, 1993

105. Fujii K, Muller KD, Clarkson AR, et a: The effect of
IgA immune complexes on the proliferation of cultured human
mesangial cells. Am J Kidney Dis 16:207-210, 1990

106. Chen A, Chen WP, Sheu LF, et a: Pathogenesis of IgA
nephropathy: In vitro activation of human mesangia cells by
IgA immune complex leads to cytokine secretion. J Pathol
173:119-126, 1994

107. Lopez-Armada MJ, Gomez-Guerrero C, Egido J: Re-
ceptors for immune complexes activate gene expression and
synthesis of matrix proteins in cultured rat and human mesan-
gia cells: Role of TGF-beta. J Immunol 157:2136-2142, 1996

108. Peruzzi L, Amore A, CirinaP, et a: Integrin expression
and IgA nephropathy: in vitro modulation by IgA with altered
glycosylation and macromolecular 1gA. Kidney Int 58:2331-
2340, 2000

109. Monteiro RC, Moura IC, Launay P, et a: Pathogenic
significance of IgA receptor interactions in IgA nephropathy.
Trends Mol Med 8:464-468, 2002

110. Van Dixhoorn MG, Sato T, Muizert Y, et a: Combined
glomerular deposition of polymeric rat IgA and 1gG aggravates
rena inflammation. Kidney Int 58:90-99, 2000

111. Amore A, Cirina P, Conti G, et a: Glycosylation of
circulating 1gA in patients with IgA nephropathy modulates
proliferation and apoptosis of mesangial cells. JAm Soc Neph-
rol 12:1862-1871, 2001

112. Matsuda M, Shikata K, Wada J, et a: Deposition of
mannan binding protein and mannan binding protein-mediated
complement activation in the glomeruli of patients with IgA
nephropathy. Nephron 80:408-413, 1998

113. Hansch GMThe role of complement in mesangia cell
damage [Editoria]: Nephrol Dia Transplant 8:4-5, 1993

114. Endo M, Ohi H, Ohsawal, et al: Glomerular deposition
of mannose-binding lectin (MBL) indicates a novel mechanism
of complement activation in IgA nephropathy. Nephrol Dial
Transplant 13:1984-1990, 1998

115. Abe K, Miyazaki M, Koji T, et a: Intraglomerular
synthesis of complement C3 and its activation products in IgA
nephropathy. Nephron 87:231-239, 2001

116. Abe K, Miyazaki M, Koji T, et a: Expression of decay
accelerating factor mRNA and complement C3 mRNA in hu-
man diseased kidney. Kidney Int 54:120-130, 1998

117. Moll S, Miot S, Sadallah S, et a: No complement
receptor 1 stumps on podocytes in human glomerulopathies.
Kidney Int 59:160-168, 2001



PATHOGENESIS OF IgA NEPHROPATHY

118. Yoshioka K, Takemura T, Aya N, et a: Monocyte
infiltration and cross-linked fibrin deposition in IgA nephritis
and Henoch-Schonlein purpura nephritis. Clin Nephrol 32:107-
112, 1989

119. Arima S, Nakayama M, Naito M, et a: Significance of
mononuclear phagocytes in IgA nephropathy. Kidney Int 39:
684-692, 1991

120. Li HL, Hancock WW, Dowling JP, et a: Activated
(IL-2R+) intraglomerular mononuclear cells in crescentic glo-
merulonephritis. Kidney Int 39:793-798, 1991

121. Johnson RJ: The glomerular response to injury: pro-
gression or resolution? Kidney Int 45:1769-1782, 1994

122. Floege J Glomerular remodelling: Novel therapeutic
approaches derived from the apparently chaotic growth factor
network. Nephron 91:582-587, 2002

123. Kriz W, Gretz N, Lemley KV: Progression of glomer-
ular diseases: |s the podocyte the culprit? Kidney Int 54:687-
697, 1998

124. Remuzzi G, Bertani T: Pathophysiology of progressive
nephropathies. N Engl J Med 339:1448-1456, 1998

125. Fak MC, Ng G, Zhang GY, et d: Infiltration of the
kidney by apha beta and gamma delta T cells: Effect on
progression in IgA nephropathy. Kidney Int 47:177-185, 1995

126. Wu H, Zhang GY, Clarkson AR, et a: Conserved
T-cell receptor beta chain CDR3 sequences in IgA nephropathy
biopsies. Kidney Int 55:109-119, 1999

127. WuH, Clarkson AR, Knight JF: Restricted gammadelta
T-cell receptor repertoire in IgA nephropathy renal biopsies.
Kidney Int 60:1324-1331, 2001

128. D’Amico G: Natura history of idiopathic IgA nephrop-
athy: Role of clinical and histological prognostic factors. Am J
Kidney Dis 36:227-237, 2000

129. Julian BA, Quiggins PA, Thompson JS, et a: Familia
IgA nephropathy. Evidence of an inherited mechanism of dis-
ease. N Engl J Med 312:202-208, 1985

130. SchenaFP, Scivittaro V, Ranieri E, et a: Abnormalities
of the IgA immune system in members of unrelated pedigrees
from patients with IgA nephropathy. Clin Exp Immunol 92:
139-144, 1993

131. Hsu SI, Ramirez SB, Winn MP, et a: Evidence for
genetic factors in the development and progression of IgA
nephropathy. Kidney Int 57:1818-1835, 2000

132. Wanstrat A, Wakeland E: The genetics of complex
autoimmune diseases: Non-MHC susceptibility genes. Nat Im-
munol 2:802-809, 2001

133. Gharavi AG, Yan 'Y, Scolari F, et a: IgA nephropathy,
the most common cause of glomerulonephritis, is linked to
6022-23. Nat Genet 26:354-357, 2000

134. Field M: Tumour necrosis factor polymorphisms in
rheumatic diseases. QIM 94:237-246, 2001

135. Hutchinson 1V, Pravica V, Perrey C, et al: Cytokine
gene polymorphisms and relevance to forms of rejection. Trans-
plant Proc 31:734-736, 1999

136. Koss K, Satsangi J, Fanning GC, et a: Cytokine (TNF
apha, LT apha and IL-10) polymorphisms in inflammatory
bowel diseases and norma controls: Differential effects on

217

production and allele frequencies. Genes Immunol 1:185-190,
2000

137. Schena FP: Cytokine network and resident renal cellsin
glomerular diseases. Nephrol Dia Transplant 14:22-26, 1999

138. Bidwell J, Keen L, Gallagher G, et a: Cytokine gene
polymorphism in human disease: On-line databases. Genes
Immunol 1:3-19, 1999

139. Kotb M, Norrby-Teglund A, McGeer A, et a: An
immunogenetic and molecular basis for differences in outcomes
of invasive group A streptococcal infections. Nat Med 8:1398-
1404, 2002

140. Akahoshi M, Nakashima H, Miyake K, et al: Influence
of interleukin-12 receptor betal polymorphisms on tuberculo-
sis. Hum Genet 112:237-243, 2003

141. Treszl A, Toth-Heyn P, Kocsis I, et a: Interleukin
genetic variants and the risk of rena failure in infants with
infection. Pediatr Nephrol 17:713-717, 2002

142. Hutchings A, Benfield M, Thomas J: Associations be-
tween single nucleotide polymorphisms in cytokine genes and
costimulatory molecule expression. Hum Immunol 63:S14,
2002

143. Hutchings A, Guay-Woodford L, Thomas JM, et a:
Association of cytokine single nucleotide polymorphisms with
B7 costimulatory molecules in kidney alograft recipients. Pe-
diatr Transplant 6:69-77, 2002

144. Boiardi L, Salvarani C, Casdli B, et a: Intercellular
adhesion molecule-1 gene polymorphisms in Behcet's disease.
J Rheumatol 28:1283-1287, 2001

145. Shu KH, Lee SH, Cheng CH, et al: Impact of interleu-
kin-1 receptor antagonist and tumor necrosis factor-alpha gene
polymorphism on IgA nephropathy. Kidney Int 58:783-789,
2000

146. Syrjanen J, Hurme M, Lehtimaki T, et a: Polymor-
phism of the cytokine genes and IgA nephropathy. Kidney Int
61:1079-1085, 2002

147. Watanabe M, Ilwano M, Akai Y, et a: Association of
interleukin-1 receptor antagonist gene polymorphism with IgA
nephropathy. Nephron 91:744-746, 2002

148. Masutani K, Miyake K, Nakashima H, et a: Impact of
interferon-gamma and interleukin-4 gene polymorphisms on
development and progression of 1gA nephropathy in Japanese
patients. Am J Kidney Dis 41:371-379, 2003

149. Schena FP, D'Altri C, Cerullo G, et a: ACE gene
polymorphism and IgA nephropathy: An ethnically homoge-
neous study and a meta-analysis. Kidney Int 60:732-740, 2001

150. Yoon HJ, Kim H, Kim HL, et a: Interdependent effect
of angiotensin-converting enzyme and platel et-activating factor
acetylhydrolase gene polymorphisms on the progression of im-
munoglobulin A nephropathy. Clin Genet 62:128-134, 2002

151. Mattu TS, Pleass RJ, Willis AC, et a: The glycosyla-
tion and structure of human serum IgA1, Fab, and Fc regions
and the role of N-glycosylation on Fc apha receptor interac-
tions. J Biol Chem 273:2260-2272, 1998

152. Novak J, Julian BA, Tomana M, et a: Progress in
molecular and genetic studies of IgA nephropathy. J Clin Im-
munol 21:310-327, 2001



	Pathogenesis of IgA Nephropathy
	INSIGHTS ON PATHOGENESIS FROM CLINICAL OBSERVATION
	MAJOR ELEMENTS IN THE PATHOGENESIS OF IgA NEPHROPATHY
	IgA “Load” and the Development of IgAN
	Is IgA Nephropathy a Single Disease?

	THE HUMAN IgA IMMUNE SYSTEM
	Structure of Human IgA
	Human IgA Production
	Functions of Human IgA
	Control of Human IgA Production
	Clearance of Human IgA

	ANIMAL MODELS OF IgA NEPHROPATHY
	IgA PRODUCTION IN IgA NEPHROPATHY
	Characteristics of Circulating IgA in IgAN
	Physicochemical Properties of Circulating IgA in IgAN
	IgA Glycosylation. 


	Functional Characteristics of IgA in IgAN
	Antigen Specificity

	Altered IgA Clearance in IgAN
	Characteristics of Mesangial IgA in IgA Nephropathy
	Control of Production of Pathogenic IgA in IgA Nephropathy

	THE ROLE OF THE MESANGIUM IN IgAN
	The Normal Mesangium
	Mechanisms of Mesangial IgA Deposition
	Mesangial Cell IgA Receptors and IgA Clearance
	Mechanisms of Initiation and Progression of Glomerular Inflammation in IgA Nephropathy
	Mesangial Cell Activation
	Complement
	Cellular Effector Mechanisms

	Progression or Resolution of Mesangial Injury
	Tubulointerstitial Injury and Progressive Chronic Renal Failure


	THE GENETICS OF IgA NEPHROPATHY
	The MHC and IgA Nephropathy
	Non-MHC Genes and IgA Nephropathy
	The Genetics of Progressive Renal Failure
	An IgAN Genotype/Phenotype

	SUMMARY
	Systemic IgA Response
	Mesangial IgA Deposition
	Mesangial Injury Subsequent to IgA Deposition
	Progressive Renal Failure
	Genetics of IgA Nephropathy

	CONCLUSION
	REFERENCES


