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Preface

Systemic autoimmune disease encompasses a wide range of conditions demonstrating multi-organ
involvement, in which renal disease is common and life threatening. This volume in the “Handbook of
Systemic Autoimmune Disease” series brings together an international group of clinicians and clinical
scientists to contribute to a state-of the-art review of underlying pathogenic mechanisms, methods of clinical
assessment, classification and diagnosis of renal disease, combined with a detailed overview of treatment
strategies. The section concerning pathogenic mechanisms will be of particular interest to both basic and
clinician scientists. Patients with autoimmune disease are treated by a variety of clinicians and this book
will, therefore, be of direct relevance to internal medicine physicians, nephrologists, rheumatologists,
pediatricians, clinical immunologists, and general practitioners.

This volume is divided into four parts. In the Introduction, Ron Falk provides an authoritative overview
of the contents of this volume and the current state of the field and speculates on what the future might
hold. Part II contains a detailed review of pathogenesis including the role of autoimmune mechanisms in
renal disease. Chapters on the role of complement activation, soluble factors such as cytokines, cellular
mechanisms, and the renal cell response to immune injury are included. The final chapter in Part II
addresses mechanisms underlying the renal toxicity of drugs used to treat autoimmune disease. Part III is
focused on the disease mechanisms, clinical features, and treatment of the systemic vasculitides that may
affect the kidney. Part IV adopts a similar approach for the renal disease associated with systemic lupus
erythematosus, systemic sclerosis, and other important connective tissue diseases.

In summary, this volume will provide an essential reference source for all those involved in the care of
patients with renal involvement in systemic autoimmune disease, and for those contributing to research into
the underlying pathogenic mechanisms in these disorders.

Justin C. Mason and Charles D. Pusey
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Handbook of Systemic Autoimmune Diseases, Volume 7
The Kidney in Systemic Autoimmune Diseases
Justin C. Mason and Charles D. Pusey, editors

Introduction

Peter Hewins, Ronald J. Falk*

Division of Nephrology and Hypertension, Department of Medicine, UNC Kidney Center,
University of North Carolina at Chapel Hill, Chapel Hill, NC 27599-7155, USA

The compilation of this volume coincides with two
notable anniversaries in autoimmunity as it impacts
upon the kidney. Anti-double stranded DNA
antibodies were first characterized 50 years ago and
it is 25 years since anti-neutrophil cytoplasm anti-
bodies were discovered (Davies et al., 1982; Isenberg
et al., 2007). Befittingly, the anniversaries coincide
with a growing enthusiasm for the use of B-cell
targeted therapies in proliferative lupus nephritis and
systemic ANCA-vasculitis, the diseases with which
these autoantibodies are respectively linked (Walsh
and Jayne, 2007). The clinical utility of testing for
autoantibodies is immediately apparent but even
robust associations between specific immunoglobu-
lins and particular autoimmune diseases or patterns
of organ involvement do not guarantee a causal link.
In order to determine pathogenic connections, we
must turn to the wealth of human and experimental
research in this field and so by way of an intro-
duction to this comprehensive book, we highlight
just some of the research most relevant to current
understanding of how autoimmunity (exemplified by
autoantibody-mediated disecase) may arise and how
we might potentially best salvage organ function and
restore immunological normality.

The diversity of the autoantibody repertoire
associated with SLE is well-recognized but anti-
dsDNA antibodies, first eluted from the kidneys of
patients some 40 years ago, are widely presumed to
be pathogenically important (Koffler et al., 1967;

*Corresponding author.
Tel.: 919-966-2561; Fax: 919-966-4251
E-mail address: ronald_falk@med.unc.edu

© 2008 Published by Elsevier B.V.
DOI: 10.1016/S1571-5078(07)07028-6

Krishnan and Kaplan, 1967). Numerous human
and animal studies support the hypothesis that
lupus nephritis is an immune complex disease and
signal the potential therapeutic benefit of suppres-
sing autoantibody production which is clinically
apparent (Austin et al., 1986; Shlomchik et al.,
1994, 2001; Jacobi et al., 2003; Schwartz, 2006;
Ahuja et al., 2007). In rodents, the existence of
antibody secreting cells (ASC), principally plasma
cells, that are refractory to deletion by conven-
tional immunosuppressants has long been recog-
nized and although the precise phenotype and
location of pathogenic autoantibody secreting cells
associated with human SLE is still uncertain, high
rates of relapse following cyclophosphamide-based
treatment suggest that autoreactive lymphocytes
are not readily suppressed or deleted in this disease
(Miller and Cole, 1967; Illei et al., 2002; Mok et al.,
2004). Indeed, recurrence of anti-nuclear auto-
antibodies has been observed even after stem-cell
transplantation which underscores the necessity
of developing less toxic alternative methods to
control autoantibody production (Traynor et al.,
2000; Burt et al., 2006). During the 1970s,
cyclophosphamide was adopted for necrotizing
systemic vasculitis (diseases subsequently recog-
nized as ANCA-associated) and rescued many
patients from certain demise but its limitations
once again became most apparent in patients
who relapsed (Fauci et al., 1979; Cupps et al.,
1982; Hoffman et al., 1992; Booth et al., 2004a;
Hogan et al., 2005). Rather more recently, the
pathogenicity of anti-myeloperoxidase antibodies
in pauci-immune necrotizing vasculitis and
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glomerulonephritis has been confirmed by two
separate animal models (Xiao et al., 2002; Little
et al.,, 2005). These observations are not only
paradigm to our knowledge of the mechanisms
that direct ““pauci-immune” injury of the vascu-
lature but in addition, they have focused attention
on the autoreactive B-cell as a credible therapeutic
target. In the last 10 years, mycophenolate mofetil
and rituximab (B-cell depleting, anti-CD20 anti-
body) have emerged as alternative treatments to
control autoreactive lymphocytes in patients with
life or organ-threatening forms of SLE or ANCA-
vasculitis and, importantly, serious adverse-effects
may be less frequent than with cylcophosphamide
(Joy et al., 2005; Stassen et al., 2007, Walsh et al.,
2007; Walsh and Jayne, 2007). Whilst major trials
of MMF and rituximab treatment are still ongoing
for both diseases, it does not seem overly naive to
believe that these agents and related therapies in
development offer the prospect of a significant
shift in our approach to treatment. The role of
autoantibody removal through plasmapheresis is
also becoming more clearly established, particu-
larly in ANCA-vasculitis with severe renal dys-
function (Jayne et al., 2007).

Do these developments herald an end to the
need for investigation of the “effector arm™ of the
autoimmune response in systemic autoimmune
diseases affecting the kidney? Clearly this is not
the case since whilst the role of autoreactive B-cells
has certainly been reaffirmed, many aspects of
pathogenesis remain undetermined in both dis-
eases. Pathogenic function(s) of autoreactive
B-cells may still yet prove to be related to antigen
presentation or other aspects of their interdepen-
dent relationship with autoreactive T lymphocytes
rather than to autoantibody production per se
(Chan et al., 1999a; Lipsky, 2001; Yan et al., 2006;
Harvey et al., 2007). However, this issue remains
contentious; B-cells that are unable to secrete
immunoglobulin were previously proven to be
sufficient for autoimmune injury in a murine
model of SLE but more recently in a BAFF/BLys
overexpressing mouse, lupus-like disecase was
convincingly demonstrated to be wholly T-cell-
independent (Chan et al., 1999b; Groom et al.,
2007). The important consequences of lymphocyte
modulation in SLE and ANCA-vasculitis may be

distinct, particularly as rituximab depletes B-cells
from the peripheral blood and appears efficacious
in both diseases, but the suppression of autoanti-
body titers is more uniform in ANCA-vasculitis
disease (Walsh and Jayne, 2007). Additionally, the
longer term outcomes associated with these newer
treatments are uncertain and it is already apparent
that an innate propensity to relapse often persists
just as it did with cyclophosphamide (Smith
et al., 2006). Interrupting the initiation of auto-
immunity or promoting genuine and sustained
tolerance surely therefore remain the ultimate
goals of translational-autoimmune research.

If the composite of experimental data, clinical
observation and encouraging therapeutic res-
ponses does persuade us of the central importance
of autoantibodies in the pathogenesis of glome-
rular injury for SLE and/or ANCA-vasculitis, then
it also signals a fundamental need to unravel the
identity of the key autoreactive B-cells. Similar
perturbations of B-cell populations appear to exist
in the peripheral blood of patients with SLE and
ANCA-vasculitis, in particular the presence of a
subset of CD19"'CD27+ memory B-cells that
may be linked to autoantibody production (Culton
et al., 2007). Furthermore, patients with SLE have
an expanded CD27— memory B-cell population
that may be involved in maintenance of autoanti-
body titers (Wei et al., 2007). Whilst autoantibody
secreting cells are detectable in the peripheral
blood, it is likely that the majority of such cells are
sequestered in tissue (Clayton and Savage, 2003;
Grammer et al., 2003; Radbruch et al., 2006).
Long-lived plasma cells (probably able to survive
for years or decades) predominantly reside in
the bone marrow and smaller numbers are present
in the spleen but inflamed tissues, notably both
human and murine kidneys affected by Iupus
nephritis and the nasal mucosa of patients with
Wegener’s granulomatosis, also support at least
short-lived B-cells, plasma cells, and antibody
production (Sze et al., 2000; Cassese et al., 2001;
Hutloff et al.,, 2004, Voswinkel et al., 2006).
Intriguingly, following their differentiation in
secondary lymphoid tissues, ASC may be pro-
grammed to home (via chemokine receptors and
adhesion molecules) to the tissue in which B-cell
activation originally occurred (Moser et al., 2006b).



Introduction 5

Locating autoantibody secreting cells might
therefore offer clues as to the site and identity of
the inciting antigen exposure.

Relocation of plasmablasts to inflamed sites likely
depends upon IFNy since this cytokine (generated
by T lymphocytes (Thl cells) and professional
APCs) not only up-regulates CXCR3 expression
on human B-cells and maturing plasma cells
as well as murine plasmablasts, but also in-
duces expression of the corresponding chemokine
ligands (CXCL9, CXCLI10, and CXCLI1) in
inflamed tissue (Muehlinghaus et al., 2005).
Indeed, CXCLI10 expression has been identified
in renal biopsies from patients with glomerulone-
phritis (Romagnani et al., 2002). Furthermore,
IFNy treatment of B-cells enhances their migration
towards CXCL9 in vitro. In contrast, plasma cell
precursor homing to the bone marrow likely
involves CXCR4 expression (Hargreaves et al.,
2001).

Homing capacity is, however, short-lived since
plasmablasts rapidly down regulate chemokine
receptors (Hauser et al., 2002). Transient migra-
tory competence may in fact permit the main-
tenance of contemporaneous humoral immunity
by promoting competitive displacement of older
plasma cells which lack homing capacity (Moser
et al., 2006a). In the context of autoimmunity, this
might suggest that the persisting presence
of autoantigen would facilitate expansion of an
autoreactive repertoire and conversely, reducing
availability of the autoantigen (or whatever
exogenous antigen triggered the initiating immune
response) might be therapeutically useful. Long-
lived plasma cells that are not competitively
displaced readily survive without antigenic chal-
lenge and antibody production can be initia-
ted through indiscriminate polyclonal activation
(Mangz et al., 1998; Bernasconi et al., 2002).

By fortuitous paradox, rituximab treatment can
suppress autoreactive B-cells and autoantibody
production without interfering with ““appropriate”
humoral immunity. Thus serum IgG is maintained
and immunocompetency towards exogenous anti-
gens (at least those previously encountered) is
preserved, presumably reflecting the longevity and
CD20— phenotype of bone marrow plasma cells.
As noted above, current data suggest that the

correlation between administering rituximab, dis-
ease remission and autoantibody suppression is
stronger for ANCA-vasculitis than SLE, although
anti-dsDNA antibody reduction has also been
reported (Cambridge et al., 2006a). Furthermore,
it remains possible that pathogenically important
autoantibodies with other specificities are modu-
lated by rituximab treatment in SLE. Autoanti-
body titers may be suppressed by rituximab
because they derive from short-lived ASC that
are ordinarily replenished from CD20+ precur-
sors. Recent studies of rheumatoid factor genera-
tion support the concept that short-lived
plasmablasts are the predominant source of auto-
antibody production (William et al., 2005). Addi-
tionally, there are plasma cells that remain
CD20+ and sensitive to rituximab; these have
been definitively characterized in the tonsil and
they may also exist in the spleen and other
secondary lymphoid organs although their con-
tribution, if any, to autoantibody production is
unknown (Medina et al., 2002; Withers et al.,
2007).

Whilst these data may suggest why autoantibody
secreting cells can exhibit a heightened sensitivity
to rituximab, there is also evidence that long-lived
plasma cells contribute to autoantibody production
which might explain variability in autoantibody
suppression and the tendency to relapse. Thus
long-lived (non-dividing, CD20-) plasma cells
comprise around 40% of the antibody secreting
cells in the spleens of NZB/W lupus-prone
mice and contribute to autoantibody production
(Hoyer et al., 2004). Furthermore CD20+ auto-
reactive B-cells may resist deletion by residency in
specific compartments. In transgenic mice expres-
sing human CD20, B-cells in splenic marginal
zones and germinal centers are comparatively
resistant to anti-CD20 antibody therapy (Gong
et al., 2005). Treatment resistance appears not
to be a function of diminished exposure to anti-
CD20 antibody or an intrinsic property of specific
B-cell lineages but rather it reflects expression of
survival factors such as BAFF/BLyS and retention
of B-cells in their locality which avoids their
presentation to hepatic macrophages. Comple-
ment and Fcgamma receptor mediated killing of
anti-CD20 antibody coated cells also appear



6 P. Hewins, R.J. Falk

important (Gong et al., 2005). BAFF/BLys acting
in concert with IL-21, has recently been demon-
strated to promote differentiation of IgG+ve
marginal zone B-cells into plasma cells in human
spleens and antibody production in an antigen
dependent manner (Ettinger et al., 2007). Studies of
the BAFF—/— NZM 2328 mouse also demonstrate
the dependence of splenic ASC upon BAFF (Jacob
et al., 2006). Moreover, this genotype results in
reduced total IgG and circulating autoantibodies in
young animals and sustained attenuation of renal
injury at all ages (Jacob et al., 2006). Unexpectedly,
older BAFF—/— NZM 2328 mice exhibited similar
autoantibody titers to those seen in BAFF+/+
NZM 2328 mice despite the continued protection
from severe glomerular injury, a reminder of the
functional complexities of autoantibody-mediated
disease.

All antibody secreting cells depend upon
“survival niches” and a reduction in inflammatory
cytokines (IL-5, IL-6, and TNFalpha) may help to
reduce the availability of such niches (Moser et al.,
2006a, b). Recent data have also indicated that
T-cell depletion may compromise B-cell survival in
secondary lymphoid tissues (Withers et al., 2007).
Accordingly it seems prudent to remain cognizant
of the combination of immunosuppressant agents
that are administered with rituximab since their
synergistic action could promote egress of auto-
antibody secreting cells as local inflammation is
attenuated and novel combination therapies such
dual anti-BLyS/anti-CD20 antibody treatment
may prove to have increased potency (Stohl and
Looney, 2006).

Even when autoreactive B-cells can be seemingly
efficiently deleted, the potential for autoimmunity
to recur may clearly persist. Naive B-cells appear
to form the majority of B-cells that reconstitute the
peripheral blood after rituximab in rheumatoid
arthritis and relapses of rheumatoid arthritis are
reported to be more frequent in patients whose
peripheral blood B-cell population reconstitutes
with a larger proportion of memory cells, which
might reflect ineffective deletion of memory cells
from solid organ pools (Leandro et al., 2006).
Similarly in a small number of rituximab-treated
SLE patients, sustained clinical remission has been

reported to correlate with an extended suppression
of circulating and tonsillar memory (CD27+)
B-cells and an increase in transitional (immature)
B-cells, although interestingly germinal centers
were detected in tonsils and the magnitude of
memory cell suppression was greater in peripheral
blood than in tissue (Anolik et al., 2007). Beyond
these studies, there is little indication of the origins
of re-emerging autoantibody secreting cells where
autoantibody production was initially suppressed
following rituximab treatment; autoreactive cells
might derive from a memory pool that escaped
deletion or naive autoreactive B-cells exposed
to antigen anew. It appears that the size and
composition of the plasma cell population in the
bone marrow is ordinarily regulated by plasma cell
apoptosis induced via FcgammaRIIb ligation
(Xiang et al., 2007). As yet it is unclear whether
all ASC populations are similarly regulated
but the finding may have particular relevance
to autoimmune disease since plasmablasts from
lupus-prone mouse strains were resistant to
FcgammaRIIb-mediated deletion. This observa-
tion adds to several other proposed mechanisms by
which a reduction in FcgammaRIIb expression on
B-cells from mice and humans with SLE may
contribute to disease pathogenesis (Fukuyama
et al., 2005; Mackay et al., 2006). Accordingly,
autoreactive B-cells and the autoantibody secre-
ting cells to which they give rise seem poised to
remain the focus of much attention in autoimmune
research.

If cutting off the supply of autoreactive B-cells
and autoantibodies offers an effective albeit
potentially temporary mechanism to interrupt
autoimmune injury, how best can we promote the
effective resolution of damage already initiated?
Recently, the fundamental importance of active
resolution has come to the fore in inflammation
research and these insights may yet prove to be
relevant to autoimmune disease (Serhan et al.,
2007). Moreover, since resolution is initiated by
early pro-inflammatory signals (“the beginning
programs the end”), it is possible that injudicious
use or timing of anti-inflammatory therapy could
actually aggravate tissue damage by interrupting
the restoration of tissue homeostasis (Serhan and
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Savill, 2005). The contrast between acute post
streptococcal glomerulonephritis (APSGN) which
typically heals spontaneously without scarring and
the extensive glomerulosclerosis and tubular atro-
phy that can result from ANCA-vasculitis or lupus
nephritis despite intense immunosuppression, is
well-recognized (Savill, 2001). Differences in the
nature and duration of the initiating stimulus
likely contribute to the final outcome of glome-
rular injury but apoptosis and clearance of
apoptotic cells are probably key events in effective
resolution of inflammation and restoration of
normal glomerular structure and function, irre-
spective of the original insult (Watson et al., 20006;
Ferenbach et al., 2007). Infiltrating neutrophils
do not emigrate from inflamed glomerulus but
rather undergo apoptosis and must be taken up
by macrophages which then exhibit an ‘“anti-
inflammatory” phenotype although the situation
is clearly complex, since synchronous exposure to
apoptotic neutrophils and LPS (TLR ligands)
differentially modulates cytokine secretion by
macrophages over 24 h compared to either stimu-
lus alone (Savill et al., 2002; Lucas et al., 2003).
This type of macrophage programming may
ordinarily facilitate an appropriate, bimodal res-
ponse with early pro-inflammatory and late
pro-resolution (TGFbeta, IL-10) cytokine profiles
which orchestrate an effective innate immune
response. In autoimmune disease, an initial
inflammatory response to exogenous stimuli could
be appropriate but, by definition, subsequent
responses are aberrant.

Proximal defects in the classical complement
pathway, leading to aberrant clearance of apopto-
tic cells are well understood as potential initiators
of autoimmune disease and in particular SLE,
but these defects also directly amplify immune-
complex mediated renal injury as demonstrated by
the impact of Clq deficiency on accelerated
nephrotoxic nephritis (Robson et al., 2001). Other
defects of apoptotic cell clearance, such as CD14
deficiency, are not sufficient in themselves to incite
autoimmunity but their influence upon indepen-
dently initiated immune-mediated injury remains
to be determined (Devitt et al., 2004). In ANCA-
vasculitis, macrophages which have engulfed

apoptotic neutrophils appear to be diverted away
from a non-phlogistic phenotype and this may
contribute to the failure of effective healing
(Moosig et al, 2000; Harper et al., 2001).
Additionally, the presence of ANCA accelerates
neutrophil apoptosis without promoting concomi-
tant externalization of phosphatidylserine which
likely impairs neutrophil clearance and promotes
secondary necrosis, amplifying tissue damage
(Harper et al., 2000). In other circumstances,
accelerated neutrophil apoptosis can actually defer
progression from acute to chronic inflammation
and reduce tissue scarring; R-Roscovitine, a cyclin-
dependent kinase inhibitor, promotes caspase-
dependent neutrophil apoptosis and attenuated
tissue damage in several settings including a
chronic model of bleomycin-induced lung injury
(Rossi et al., 2006). Inhibition of ERK1/2 similarly
promotes neutrophil apoptosis and inflammation
resolution (Sawatzky et al., 20006).

Current anti-inflammatory strategies focus on
suppression of pro-inflammatory mediators which
belies a dearth of engineered pro-resolving
approaches although some of the oldest “‘anti-
inflammatory” drugs, notably aspirin and gluco-
corticoids, also turn out to enhance resolution
(Serhan et al., 2007). Aspirin, through the acetyla-
tion of COX2, generates epimers of lipoxins,
resolvins, and protectins, families of lipid media-
tors that are now appreciated as integral to the
resolution process (Ariel and Serhan, 2007).
Endogenous members of these same three eicosa-
noid families are rapidly generated during the
interaction of macrophages and apoptotic neutro-
phils and enhance the macrophage’s phagocytic
capacity in addition to modulating further neu-
trophil influx (Schwab et al., 2007). Although it
has not been studied in the kidney, generation of
lipid mediators in other inflamed tissues depends
upon transcellular biosynthesis which harnesses
both infiltrating leukocytes and resident cells such
as endothelial cells or interstitial fibroblasts. Thus
one potential approach would be to identify
or develop drugs that target stromal cells in order
to promote resolution. The capacity of gluco-
corticoids to promote non-phlogistic clearance
of apoptotic neutrophils has been recognized
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for some time and recent data indicate that this
relates, at least in part, to annexin-1 which is
released by not only dexamethasone treated
macrophages but also neutrophils undergoing
spontancous apoptosis (Maderna et al., 2005;
Scannell et al., 2007). Although annexin-1 is a
peptide, it binds the lipoxin-A4 receptors on
macrophages and enhances apoptotic cell uptake.
Currently, the specific relevance of these emer-
ging concepts of active resolution to autoimmune
renal disease is uncharted but it seems improbable
that they will prove irrelevant particularly as
exogenous protectins and resolvins are already
known to attenuate renal ischemia-reperfusion
injury (Duffield et al., 2006). It is already apparent
that macrophages present in inflamed tissue are
complex and pleiotropic; in addition to facilita-
ting clearance of apoptotic cells they can direct
various aspects of immune-mediated injury and
promote scarring. These divergent roles are
linked to phenotypic and temporal characteristics:
macrophage subsets that broadly promote tissue
destruction or repair/remodeling (classical and
alternatively activated, respectively) can be identi-
fied to varying degrees by their cytokine profiles
and by the chronology of tissue injury (Gordon
and Taylor, 2005, Mantovani et al., 2007).
Specific to the kidney, glomerular injury is
ameliorated by conditional ablation of macro-
phages during the progression of established
nephrotoxic nephritis which implies that, overall,
macrophages have a negative impact by enhancing
crescent formation, myofibroblast proliferation,
and matrix deposition (Duffield et al., 2005b).
Similarly, deficiency of CCR2 (believed to be
the major chemokine receptor for trafficking of
inflammatory monocytes into tissue) reduces renal
injury in the MRL/Ipr model of lupus nephritis
(de Lema et al., 2005). In contrast, macrophages
manipulated ex vivo to exhibit an alternative
phenotype have been reported to transiently
attenuate renal injury in nephrotoxic nephritis and
to mediate a sustained (4 week) amelioration of
adriamycin induced nephropathy (Kluth et al.,
2001; Wang et al., 2007). Meanwhile, macrophage
ablation during the course of carbon-tetrachloride
induced liver fibrosis elegantly demonstrates that

timing is all important; deletion during the period
of injury attenuates its severity whilst deletion after
cessation of toxin injection prevents spontaneous
resolution of fibrosis (Duffield et al., 2005a).
Macrophage phenotype is clearly complex and
very likely represents a continuous spectrum that
changes according to the prevailing cytokine
milieu in the microenvironment but, at present,
something that is most clearly lacking is a
systematic characterization of macrophages in
autoimmune renal disease both in human tissue
and in appropriate animal models where chrono-
logy may be more easily assessed. Given that
animal models do not always provide informative
surrogates for the complexities of human disease,
it may be that an appreciation of the significance
of these processes will also suggest a need for serial
protocol biopsies in human disease, particularly if
interventions that promote resolution become
better understood and can be clinically utilized.
As a corollary, the exploration of the role of
macrophages in renal injury and recovery should
remind us that single agents or monophasic
therapies are unlikely to be the basis of successful
treatment for autoimmune disease and that we
should not discount “‘conventional’ agents such as
corticosteroids since they may have underappreciated
effects. Clearly, optimized usage to minimize
side-effects or development of alternatives that
target the same effectors, remain important
(Chapman et al., 20006).

If APSGN provides one example of a mecha-
nism for the control of immune-mediated renal
injury, then other disecases may also reveal useful
processes. Anti-glomerular basement membrane
(GBM) disease is devastating if unrecognized or
when treatment is delayed, typically resulting in
irreversible renal failure and the risk of pulmonary
hemorrhage but, unlike ANCA-vasculitis and
lupus nephritis, the risk of relapse following
treatment for anti-GBM disease is generally very
low. Recent evidence indicates that this is a
consequence of the development of regulatory
T-cell subsets (adaptive Tregs) (Salama et al.,
2003). In contrast, regulatory T-cells may be
dysfunctional in SLE and ANCA-vasculitis
(Abdulahad et al., 2007; Valencia et al., 2007).
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The origins of this dysfunction are unknown
although interestingly in the SAMP1/YitFc mouse
model of Crohn’s disease, Treg function appears to
be impaired by an expanded B-cell population
which might have relevance to the efficacy of B-cell
depleting therapies if the same phenomenon
applies in other autoimmune diseases (Olson
et al., 2004). It remains to be determined whether
relevant subsets can be therapeutically promoted
and what impact current treatment strategies
may have upon this potential but it would not
be surprising to discover that pan- immuno-
suppressive or ablative strategies do not engender
their survival. Animal models indicate the feasi-
bility of adoptive transfer of regulatory T-cells pro-
grammed ex vivo and importantly, this approach
would not be dissimilar, for example, from existing
protocols for the transfer of CMV specific CTLs in
stem-cell transplant recipients (Scalapino et al.,
2006). Moreover, it is now apparent that human
regulatory T-cells can be efficiently expanded
ex vivo using antigen-pulsed dendritic cells and
that donor regulatory T-cells, transferred during
liver transplantation, mediate a functional allo-
suppressive effect (Jiang et al., 2006; Demirkiran
et al., 2007). A primary obstacle to the therapeutic
use of Tregs in human autoimmunity is the lack of
clearly identified pathogenic T-cell autoepitopes
in diseases such ANCA-vasculitis. Intriguingly, a
single histone-derived peptide that is recognized
not only by Th cells capable of inducing B-cell
autoreactivity and anti-DNA antibody production
in lupus-prone SNF1 mice but also by T-cells from
patients with SLE, can be used to tolerize SNF1
mice towards a range of lupus-autoantigens (Hahn
et al., 2005). This process expands regulatory
T-cells, reduces titers of various autoantibodies,
and mitigates the severity of nephritis. Adminis-
tration of low-dose peptide to mice with esta-
blished glomerulonephrits halts disease progression
and as such represents an alternative strategy to
induce regulatory T-cells without the need for
ex vivo expansion. More recently, this same peptide
has also been shown to induce a Foxp3 expressing
CD8+ T regulatory subset that suppresses auto-
antibody production (Singh et al., 2007). Interes-
tingly, Foxp3 expression and TGFbeta production

(which mediate immunomodulatory function) are
interdependent in these CD8 Tregs. The efficacy of
tolerogenic peptides has also been demonstrated in
a rodent model of anti-GBM nephritis (Reynolds
et al., 2005). A further experimental strategy for
the expansion of Tregs may be the adoptive
transfer of alternatively activated monocytes
which was recently demonstrated to attenuate
experimental autoimmune encephamyelitis (EAE)
through expansion of Tregs and concomitant
reduction of Th2 and Thl7 cells (see below)
(Weber et al., 2007).

Apart from their potential relevance to sus-
tained remission, regulatory T-cells (natural Tregs)
likely help to block the initiation of autoimmunity.
Indeed, murine and human Foxp3 deficiency
blocks Treg development and leads to lethal
autoimmune disease and, similarly, in vivo ablation
of Tregs triggers autoimmune disease in mice (Kim
et al., 2007; Zheng and Rudensky, 2007). Further,
a reduction in circulating Tregs has recently been
observed in human CD40L deficiency, a condition
associated with autoimmunity, and interestingly
this was associated with an expanded autoreactive
naive B-cell repertoire denoting impaired peri-
pheral B-cell tolerance (Herve et al., 2007).
However, unpicking the relevance of this type of
observation to autoimmunity in the wider popula-
tion 1is difficult: individuals who are genetically
deficient and exhibit an extreme phenotype may or
may not hold clues to the perturbation of immune
regulation in other circumstances. This leads us to
the third and perhaps least penetrable vista in
autoimmune therapeutics, the capacity to inter-
vene in those mechanisms which drive the incep-
tion of autoimmune disease. This concept is
problematic since patients rarely present them-
selves for medical attention before the onset
of overt autoimmune disease and furthermore,
our understanding of what initiates disease con-
tinues to lag behind our knowledge of the
effector mechanisms that direct injury. Never-
theless, illuminating these processes may ulti-
mately offer the prospect of curative therapy in
autoimmunity.

A little over 20 years ago, the Thl/Th2
paradigm was conceived and rapidly adopted as
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the presumed basis for perturbed immune regula-
tion in many autoimmune diseases (Gutcher and
Becher, 2007; Steinman, 2007). Specifically, Thl
responses were considered to promote various
autoimmune processes, not least of all crescentic
nephritis, and a considerable weight of evidence
from animal models supports this contention
although the polarity of the Th response in human
diseases such as Wegener’s granulomatosis is less
clear (Balding et al., 2001; Voswinkel et al., 2005;
Tipping and Holdsworth, 2006). More recently,
seemingly incompatible data from disease models
that were presumed to be Thl-mediated have
prompted a re-evaluation and a new T-cell subset,
the Th17 (IL-17 secreting) cells, has emerged
as a more likely culprit in at least some organ-
specific autoimmune diseases (Afzali et al., 2007;
Furuzawa-Carballeda et al.,, 2007, Steinman,
2007). Notably, deficiency of key Thl cytokines
IFNy and TNFalpha, does not bestow a protective
effect in autoimmune diseases such as EAE
whereas mice are protected by interruption of
Th17 cell development. The relevance of Th17 cells
has also recently been demonstrated in the SKG
mouse model of rheumatoid arthritis (Hirota et al.,
2007). The role of Thl cells in autoimmunity has
not been wholly discredited since deficiency of
the transcription factor T-bet, upon which Thl
differentiation and IFNy production are depen-
dent, renders mice resistant to EAE but the picture
is muddied by conflicting data on the influence of
T-bet upon Th17 cells (Mathur et al., 2006; Gocke
et al., 2007). T-bet deficiency does block autoanti-
body class switching and ameliorate glomerulone-
phritis in lupus-prone mice although in part this
reflects T-bet function in B-cells (Peng et al. 2002).
Another transcription factor RORyt, is clearly
required for Th17 cell development and RORyt
deficiency significantly impairs the development of
EAE (Ivanov et al., 2006; Annunziato et al., 2007).
It may transpire that Th1 and Th17 can cooperate
to trigger autoimmune disease.

Differentiation of Th17 cells is intertwined with
that of Tregs since the combination of TGFf and
IL-6 drives naive murine T-cells towards the Th17
phenotype whereas TGFf alone induces Foxp3
expression and Treg differentiation (Bettelli et al.,

2006). In fact, murine Tregs can act as the source
of TGFf to drive differentiation of naive cells
into Th17 cells in the presence of IL-6 and, more
intriguingly, Tregs can actually be transformed
into Th17 cells by the autocrine action of TGFf in
the presence of 1L-6 (Xu et al., 2007). Addition-
ally, IL-6 independent differentiation of naive
murine T-cells to Th17 is possible (Kimura et al.,
2007). Meanwhile IL-23 drives expansion of Th17
cells and IL-17 secretion from activated memory
T-cells whereas IFNy and IL-4 down-regulate
Th17 cell proliferation (Bettelli et al., 2006,
2007). It is becoming apparent that the signals
which drive differentiation and proliferation of
Th17 cells in humans differ to at least some extent
from those delineated in mice but there are already
descriptions of the involvement of Thl17 cells in
human Crohn’s disease and autoimmune uveitis
(Hoeve et al., 2006; Acosta-Rodriguez et al., 2007a,
b; Amadi-Obi et al., 2007; Annunziato et al., 2007;
Sato et al., 2007). At present there is very little
information on what function if any Thl7 cells
might perform in autoimmune renal diseases,
although Th17 cells have been identified infiltra-
ting the kidneys of SNF1 mice with glomerulone-
phritis and patients with both active SLE and
ANCA-vasculitis have elevated serum IL-6 levels
(Booth et al., 2004a, b; Ripley et al., 2005; Kang
et al., 2007). Whether the apparent deficits in Tregs
associated with ANCA-vasculitis and SLE indicate
a reciprocal expansion of the Th17 subset remains
to be determined.

Other insights into the origins of autoimmunity
are emerging through investigations of the mecha-
nisms that maintain peripheral tolerance amongst
B-cells (Ferry et al.,, 2006). Random Ig gene
rearrangement and mutation generate antibody
diversity but risk engendering autoreactivity
(Townsend et al., 1999). Central and peripheral
B-cell tolerance are believed to regulate the B-cell
repertoire: central mechanisms most likely divert
or remove B-cells with high-affinity for auto-
antigens through receptor editing and deletion
(apoptosis) whilst lower affinity autoreactivity may
be handled through induction of B-cell anergy
(Cambier et al., 2007). However, anergy is not an
irreversible state and there appear to be a number
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of potential aberrations in the maintenance of
tolerance through which pathogenic autoimmunity
can arise (Phan et al., 2003).

The frequency of autoreactivity amongst early
immature B-cells (pre-B-cells) in the bone marrow
of healthy individuals is remarkably high; 75% of
cloned Ig genes were autoreactive in one study with
58% producing anti-nuclear staining of human
epithelial (Hep2) cells (Wardemann et al., 2003).
This type of autoreactivity frequently occurs in
the context of polyreactivity towards a range of
foreign and self nuclear antigens. Central tolerance
eliminates many such cells but nonetheless a high
proportion of immature B-cells emigrating from
the bone marrow are still potentially autoreactive.
In the main they recognize cytoplasmic Hep2
antigens which are not clearly linked to pathogenic
autoimmunity but 7% are truly polyreactive, often
with anti-ssDNA or dsDNA specificity. Further
counter-selection occurs before entry into the
mature naive pool where 4% remain polyreactive.
Studies of B-cells cloned from the peripheral blood
of small numbers of patients with SLE reveal that
tolerance may be defective resulting in expanded
numbers of autoreactive mature naive B-cells
(Yurasov et al., 2005, 2006). B-cells with anti-
nuclear reactivity were not increased overall in the
newly emigrant B-cell pools of SLE patients but
neither were they depleted from the mature
naive cell pool to the same extent as in healthy
donors. Furthermore, the expansion of polyreac-
tive mature naive B-cells was greatest in patients
with active disease but did not fully reverse with
clinical remission, suggesting that this might con-
tribute to disease predisposition. In all likelihood,
there will be heterogeneous breaches of tolerance
including central abnormalities in some individuals,
as well as peripheral defects of the type described.

Differentiation into autoantibody secreting cells
is ordinarily very uncommon and there is addi-
tional counter-selection of mature naive autoreac-
tive B-cells preventing entry into the [gM memory
pool in healthy individuals (Tsuiji et al., 2006).
IgM memory cells likely represent the product
of T-independent immune responses initiated
through antigen exposure in splenic marginal
zones. Human splenic marginal zone IgG memory

cells were also recently described but, in the main,
IgG memory cells originate from T-dependent
immune responses in germinal centers and studies
of one autoreactive B-cell population (bearing the
9G4 idiotype) ordinarily detectable in the mature
naive pool but only associated with a correspon-
ding plasma cell population and circulating auto-
antibody titers in the context of SLE, indicate
that germinal center exclusion is one mechanism
that curtails B-cell autoreactivity (Cappione et al.,
2005; Ettinger et al., 2007). Based upon analysis of
tonsils and spleens, this process appears to be
defective in patients with SLE in whom 9G4 cells
accumulate within GCs and populate the isotype
switched memory pool (in contrast GC exclu-
sion operated as normal in patients with RA)
(Cappione et al., 2005). Late-stage checkpoints
also regulate other autoreactive B-cells; matura-
tion of anti-ribonucleicprotein Smith B-cells is
halted at the early pre-plasma cell stage in non-
autoimmune mice but continues to terminal
plasma cell differentiation (and autoantibody
secretion) in MRL/Iprlpr mice (Culton et al.,
2006). Whilst these mechanisms may regulate
particular B-cell populations, there seems to be
overall enrichment for anti-nuclear (and poly-)
reactivity in the human IgG memory B-cell pool of
healthy donors despite an absence of circulating
ANA (Tiller et al., 2007). Reversion of autoreac-
tive B-cell clones to germ line Ig gene sequences,
elegantly demonstrated that this autoreactivity
mainly arose through somatic hypermutation
(indicating an antigen driven process) (Meffre
et al., 2001). Similarly, germ line reversion of
patient-derived anti-dsDNA antibody hybridomas
wholly abrogates autoreactivity, indicating that
pathogenic autoimmunity is probably antigen-
driven (possibly initiated through recognition of
cardiolipin on apoptotic cells by the germ line Ig)
(Wellmann et al., 2005). Thus B-cells entering
GCs may be positively selected and driven
towards dangerous autoreactivity, perhaps after
BCR triggering by antigens presented on follicular
dendritic cells. Alternatively, somatic hypermuta-
tion of autoreactive B-cells may be occurring
outside of GCs at the T zone-red pulp border in
the spleen (William et al., 2002).
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Regardless of the precise location at which it
occurs, antigen driven maturation implies that
stochastic events shape the autoreactive repertoire
which again highlights the relevance of determi-
ning the identity and origins of the inciting auto/
foreign antigens. In a departure from conventional
theories regarding the origins of autoautoimmu-
nity, we have recently proposed that autoimmune
disease is triggered by a foreign antigen related
to an autoantigen through amino acid sequence
“complementary.” By definition, a protein trans-
lated from what would ordinarily be the antisense
of the autoantigen mRNA is termed complemen-
tary but in practice complementarity to an
autoantigen (and more specifically an autoepitope)
as defined by sequence or perhaps structure could
be a characteristic of either an endogenous or
exogenous protein. The concept arose from
identification of antibodies in the sera of
PR3-ANCA positive patients which were reactive
against a protein derived from the antisense
RNA of the PR3 gene and, importantly, these
antibodies also bound PR3-ANCA (denoting an
idiotype, anti-idiotype relationship) (Pendergraft
et al., 2004). Accordingly, the Theory of Autoantigen
Complementarity proposes that autoimmunity
begins with exposure to an antigen that is
complementary to the autoantigen. The primary
humoral immune response to this non-self antigen
is followed by a secondary response directed
against the idiotope of the primary immunoglo-
bulin which is immunogenic by virtue of its
non-germline-encoded antigen-binding site (Munthe
and Bogen, 1999; Dembic et al., 2000; Munthe
et al., 2004). This second anti-idiotypic anti-
body reacts with the idiotope of the primary
antibody and as a consequence of biochemical
properties conferred by complementarity, is also
reactive against the autoantigen (Pascual et al.,
1989).  Accordingly, mice immunized with
peptide complementary to human PR3 not only
developed antibodies against the immunogen,
but also anti-human PR3 antibodies (Pendergraft
et al., 2004). Likewise, immunization of mice
with a La/SSB— complementary peptide elicited
antibodies against the immunogen and anti-
idiotypic antibodies that reacted with the sense

autoantigen (Papamattheou et al., 2004). Mecha-
nistically, how this occurs is not well understood
but there is great interest in understanding
how complementary protein pairs affect biological
systems and it is notable that anti-idiotypic
antibodies are also being used to break tolerance
against tumor antigens (de Cerio et al., 2007; Heal
et al., 2002). If autoreactive B-cells can emerge as a
consequence of initial exposure to complementary
proteins as this theory suggests, then it is reason-
able to suppose that their subsequent survival and
expansion could be determined by the varied
influences that we have described herein.

It is also interesting to note that the availability
of autoantigens that promote maturation of
autoreactive IgG memory and antibody secreting
cells may be influenced by the coexistence of
autoreactive IgM B-cells. Autoreactive IgM anti-
bodies could actually facilitate clearance of auto-
antigen through the Clq pathway and hence
reduce the likelihood of further B-cell maturation,
a possibility that sounds another cautionary note
over the wisdom of pan-B-cell depletion.

The mechanism(s) that prevent autoantibody
production by autoreactive memory B-cells in
healthy individuals probably include anergy: a
state of hyporesponsiveness to BCR stimulation
that is associated with a survival disadvantage and
reduced half life (Ferry et al., 2006). In fact, anergy
probably operates at a number of checkpoints
during B-cell maturation and is considered to be a
major regulator of peripheral tolerance (Cambier
et al., 2007). Anergic B-cells were first characteri-
zed in transgenic mouse models where B-cell
expression can be induced in the context of pre-
specified antigen exposure and genetic back-
ground. The recent demonstration of anergic
(“T3” or Anl) transitional B-cells in the spleens
of non-autoimmune B6 mice and the selective
reduction in this population in lupus-prone
NZB/W mice suggest that these observations have
physiological and perhaps pathophysiological
relevance, although the selective reduction of T3
B-cells was not evident in other lupus-prone strains
which underscores how varied the key processes
which maintain tolerance in a given scenario are
likely to be (Merrell et al., 2006; Teague et al.,
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2007). Further studies in transgenic strains empha-
size a requirement for continuous exposure to
antigen in maintaining an anergic phenotype
amongst splenic B-cells (Rui et al., 2003). One
implication of this is observation is that variation
in the concentration or pattern of tissue-expression
of certain autoantigens might have paradoxical
effects. On the one hand, cellular injury, death, or
activation may expose sequestered (intracellular)
autoantigens and in so doing initiate the matura-
tion of autoreactive B-cell and sustain autoanti-
body production by short-lived plasmablasts as
eluded to earlier but, at the same time, resolution
of cellular damage or removal of stimulation may
promote maturation of transitional autoreactive
cells that were held in developmental arrest (anergy)
as a consequence of chronic antigen exposure.
Importantly, it appears that BAFF may orches-
trate the selective survival disadvantage and
maturation block imposed upon anergic B-cells
in the periphery. Mice that overexpress BAFF
exhibit expanded immature B-cell (T1) popula-
tions and develop autoimmunity (Mackay et al.,
1999; Batten et al., 2000; Groom et al., 2007).
Similarly, serum BAFF concentrations are ele-
vated in patients with some autoimmune discases
including SLE (Stohl et al., 2003). In immuno-
globulin transgenic mice (such as the hen egg
lysozyme (HEL) model) where peripheral tole-
rance of intermediate affinity self-reactive B-cells is
maintained through anergy, BAFF overexpression
allows transitional B-cells to enter and mature in
follicles and splenic marginal zones and seemingly
reverses their anergic phenotype (Thien et al.,
2004). Moreover, autoreactive B-cells in Ig trans-
genic mice demonstrate an increased BAFF
dependency for survival and a competitive dis-
advantage in a mixed B-cell repertoire when the
availability of BAFF is limited (leading to reduced
survival) (Lesley et al., 2004). Modulation of
BAFF levels (circulating and in tissue) can
exaggerate or override this competitive disadvan-
tage and skew the survival of autoreactive cells.
These observations are of particular interest
since they not only signal the potential utility of
antagonizing BAFF (e.g., using Belimumab) but
also imply that autoreactive B-cells re-emerging in

a lymphopenic environment (after cyclophospha-
mide or rituximab treatment) may have a greater
chance of survival. Moreover, rituximab therapy
actually engenders increased serum BAFF levels
(Cambridge et al., 2006b). High-affinity auto-
reactive B-cells appear not to depend on BAFF
for survival and are ordinarily regulated through
central tolerance.

Finally, the importance of co-stimulatory sig-
nals delivered through pattern recognition recep-
tors and in particular Toll-like receptors (TLRs),
for the initiation of pathogenic autoimmunity is
now apparent (Christensen and Shlomchik, 2007;
Ehlers and Ravetch, 2007). Most attention has
focused on the roles of TLR7 and TLRY which
can be stimulated with ssRNA and CpG DNA
(microbial or less potent endogenous CpG DNA),
respectively. TLR7 and TLRY9 signal through
MyD88. More recently, it has become apparent
that other members of the TLR family activated
by specific bacterially derived ligands (including
TLR2 and TLR4) contribute to immune-mediated
glomerular injury through their expression on
intrinsic and infiltrating cells (Brown et al., 2006,
2007). Furthermore, TLR-triggered autoimmune
disease exhibits a functional redundancy since
TLR3 activation incites anti-dsDNA autoimmunity
and glomerulonephritis in MyD88—/— MRL/Ipr
mice (Sadanaga et al., 2007). TLR7 and TLR9, are
located in the endosomal compartment and con-
sequently can only be activated by endocytosed or
phagocytosed ligands. Their relevance to auto-
immunity was first recognized through studies of
rheumatoid factor-specific B-cells where BCR
ligation by immune complexes comprising IgG
and chromatin allows internalization, processing,
and delivery of a TLR9 ligand which results in
B-cell proliferation. Importantly, B-cells respon-
ding to this co-stimulatory TLR-signal typically
have BCRs of sufficiently low affinity to escape
regulation by the usual mechanisms including
tolerance. In humans, both class switched and
unswitched memory B-cells constitutively express
TLRs and generate ASC in vitro in response to
isolated TLRY ligand stimulation (enabling poly-
clonal activation) whereas naive B-cells express
TLRs 9 and 10 only after BCR triggering and
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require dual activation through TLR9 and BCR to
secrete antibody (Bernasconi et al., 2002, 2003).
Anergic autoreactive cells (derived from the HEL
transgenic model) are resistant to TLRY signaling
as a consequence of continuous antigen exposure
(activating via ERK) and selective uncoupling of
BCR-signaling from a calcineurin-dependent path-
way (Rui et al., 2003). In patients with active SLE,
expression of TLR9 by memory and plasma cells is
increased and correlates with anti-dsDNA anti-
body positivity (Rui et al., 2003). Genetic mani-
pulation of TLR9 expression in MRL/Iprlpr mice
also demonstrates the role of this receptor in anti-
DNA antibody responses whereas anti-RNA anti-
body production is tied to TLR7 activation
(Christensen et al., 2005; Lau et al., 2005; Berland
et al., 2006; Ehlers et al., 2006; Pisitkun et al.,
2006). However, TLR involvement in autoimmu-
nity is complex: young MRL/Iprlpr mice injected
with CpG develop an accelerated and severe lupus-
like disease at an age before they would ordinarily
develop autoantibodies or organ damage but
TLRY deletion has also been reported to exacer-
bate autoimmune injury in MRL/Iprlpr mice
(Christensen et al. 2006; Pawar et al. 2006). In
contrast, MRL/lprlpr TLR7—/— mice exhibit
attenuated organ damage. The basis for these
discrepancies is presently undetermined.
Lineage-specific deletion demonstrates that B-cell
TLRs mediate nucleic acid stimulated antibody
production but TLRs are widely expressed, inclu-
ding by dendritic cells (DC) which notably
secrete type I interferons (the “lupus signature™)
following TLR7 or TLRY ligation (Christensen
and Shlomchik, 2007). Myeloid DCs activated
by chromatin-IgG immune complexes that can
bind FcgammaRIIa and then activate intracellular
TLRs, also secrete BAFF. Consequently activa-
tion of DC-TLRs likely amplifies autoimmune
responses. What may be of particular relevance is
the potential of TLR-induced signaling to promote
both T-cell dependent and independent antigen
responses. In fact, it has been suggested that
appreciation of the functions of TLRs challenges
the conventional distinction of T-dependent from
-independent immune responses (Lanzavecchia
and Sallusto, 2007). This might be relevant to

autoimmune diseases, such as ANCA-vasculitis
where it has proved difficult to conclusively,
identify autoantigen-specific T-cells despite evi-
dence of class-switched B-cell autoreactivity,
although target autoantigens in ANCA-vasculitis
are not nuclear and their capacity to activate TLRs
is unknown. Nonetheless it is intriguing to specu-
late whether the concept of an antigen that can
deliver dual signals to an immune cell (either in
isolation or as some form of complex) is restricted
to the nuclear antigen repertoire. Recent evidence
derived in the THP-1 cell line, suggests that PR3
does in fact prime for responsiveness to various
TLR ligands although the mechanism requires
clarification (Uehara et al. 2007).

In conclusion, both basic and translational
research efforts are expanding our understanding
not only of the usual mechanisms of humoral
immune regulation but importantly how these may
be subverted or disrupted so as to trigger and
perpetuate autoimmune disease. Once pathogenic
autoimmunity is initiated, there are a host of
potential means to halt it and an increasing
number are reaching the clinic but we are still
some way away from ‘“holistic’” therapies that will
restore homeostasis to both the injured tissues and
the immune system. How durable contemporary
concepts and hypotheses will prove to be remains
uncertain, in all likelihood not all of them will
meet the benchmark set by Clemens Freiherr von
Pirquet 100 years ago when he unveiled his seminal
work hypothesizing that antigen—antibody com-
plexes (“‘toxic bodies”) initiated a spectrum of
organ damage in conditions such as the measles
exanthema and serum sickness (Silverstein, 2000).
There are indisputably significant deficiencies in
the current knowledge base and it is plausible that
rectifying these will require us to depart radically
from current immunological dogma in order to
understand what really initiates and sustains
pathogenic autoimmunity in humans. The chap-
ters of this book draw together many of today’s
leading investigators in the areas of autoimmune
disease and the kidney to cover a remarkably wide-
ranging body of research: the result is a fascinating
overview of the subject matter which will assuredly
stand the test of time.
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Key points

e ANCA-vasculitis and proliferative lupus
nephritis are important causes of auto-
antibody-mediated systemic autoimmune
disease that targets the kidney.

e During the last 35 years, suppression of
autoreactive B-cells has mainly relied on
cyclophosphamide and high-dose steroids
which are not only associated with signi-
ficant side effects but frequently fail to
induce sustained, relapse-free survival.

e Newer B-cell targeted therapies such as
rituximab seemingly afford disease con-
trol with fewer side effects although their
capacity to achieve sustained remission
remains to be determined. Modulation of
BAFF/BLyS may also be therapeutically
useful.

e Concurrently, there is now a renewed
interest in the origins, location, and long-
evity of autoantibody producing B-cells.

e B-cell autoreactivity is a frequent pheno-
menon in the normal human B-cell reper-
toire whereas autoantibody production is
rare. Defective or dysregulated B-cell tole-
rance mechanisms probably predispose to
autoimmunity but antigen-driven affinity
maturation is also evident within IgG+ve
autoreactive memory B-cells. The exact
identity of inciting immunogens in most
autoimmune responses remains elusive.

e Sustained remission of autoantibody-
mediated disease may be achievable
through promotion of appropriate regu-
latory T-cell subsets.

e The importance of active resolution of
inflammation, involving lipid mediators
and “alternatively activated” macrophages
is becoming better understood and may
well apply to autoimmune kidney diseases.
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1. Introduction

The human immune system is an integrated
group of highly specialized defenses that limits
invasion of foreign organisms and eliminates
foreign cells, and through tightly regulated
series of networks is able to distinguish self and
non-self. This ability to recognize ““self”” and limit
“auto”-immune responses against self-antigens
is defined as tolerance. It was initially described
by the forefathers of modern immunology, Burnet,
Fenner, Medawar, and others as ‘‘indifference
or non-reactivity” established to host tissue early
in fetal life. However it is now known that
tolerance is an active process that is regulated
and maintained by the adaptive immune system
throughout life. Nevertheless, tolerance may
“break down” leading to undesirable immune
responses directed against self-antigens and auto-
immune disease.

Autoimmune responses resemble normal immune
responses to pathogens in that they are specifically
activated by antigens. In many cases, however, the
targets are “‘self” or ‘“‘auto’-antigens. In some
instances, foreign antigens elicit an autoimmune
response through molecular mimicry (e.g., through
shared structures or epitopes with self-antigens),

*Corresponding author.
Tel.: 215-707-3381; Fax: 215-707-4148
E-mail address: madaio@temple.edu

© 2008 Published by Elsevier B.V.
DOI: 10.1016/S1571-5078(07)07001-8

whereas in others the autoimmune response arises
from epitope spreading (e.g., due to somatic
mutations that encode autoantibodies that arise
by chance during normal immune responses).
Bystander activation, induction of co-stimulation,
polyclonal activation, altered processing, and/or
expression of cryptic antigens are other mecha-
nisms through which autoimmune reactivity may
be elicited by ““foreign antigens”. Alternatively,
some foreign antigens induce a normal immune
response, however, by nature of their physical
properties, they enter the blood stream, localize
within tissues, and complex with antibodies directed
against them. In many situations, the mechanisms
either inducing or maintaining tolerance are dis-
rupted. This breakdown leads to activation of
autoreactive cells which, in turn, may initiate overt
autoimmune disease. The effectors of autoimmunity
in the kidney are many, but most often disease is
initiated either by antibody deposition or infiltra-
tion of immune cells. Once antibodies are deposited,
their exposed Fc (fragment crystalline) regions
activate and recruit inflammatory cells, and
initiate complement activation. This process leads
to further cellular infiltration, and secretion of
inflammatory mediators by both infiltrating and
endogenous cells. Infiltrating cells, which include
neutrophils, T-cells and macrophages, and platelets
also secrete soluble mediators and directly interact
with renal cells and each other to perpetuate the
disease process.
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Within the kidney, the local response of resident
cells plays an important role in determining the
severity of inflammation. If severe and/or unli-
mited, these events may lead to fibrosis and organ
failure. The intensity and severity of inflammation
and fibrosis are influenced by genetic factors (e.g.,
that determine the fibrogenic response). In most
situations, there is a complex interplay among
immune and inflammatory cells and mediators,
and their relative contributions often become
difficult to distinguish, in part because the involved
mediators overlap considerably, and in part
because once the disease is established, the
mediators may play multiple roles.

Over the past 50 plus years, many investigators
have contributed to the understanding of the
immune mechanisms leading to nephritis and the
mediators involved in inflammation and fibrosis.
In this chapter, we will focus on the immune events
that lead to autoimmunity and localization of
immune reactants that initiate nephritis. We will
not describe the downstream events that lead to
inflammation, fibrosis, or the clinical manifesta-
tions of autoimmune kidney diseases. The reader is
referred to other chapters in this textbook for a
comprehensive review of these subsequent events.

Table 1
Differences between the innate and adaptive immune systems

This chapter is designed to provide an overview of
nephritogenic autoimmune responses, and to serve
as a foundation for understanding the pathogenic
mechanisms that lead to autoimmune renal dis-
eases, in general. Our intent is to provide the
background for a more comprehensive discussion
of autoimmunity in individual renal diseases
addressed in subsequent chapters of this text. In
this context, the development and maintenance of
immune tolerance, along with mechanisms by
which tolerance is broken will be reviewed.

2. Mechanisms of tolerance

The ability of the immune system to generate a
specific immune response after exposure to foreign
antigen is defined as adaptive immunity. By contrast
innate immunity comprises early ‘‘non-specific”’
defence mechanisms that combat a wide range of
pathogens without prior exposure. The latter forms
an early barrier to infection that does not rely on the
clonal expansion of antigen-specific lymphocytes.
Major differences between the innate and adaptive
immunity are summarized in Table 1.

Innate immune system

Adaptive immune system

Mostly accounts for the early phase of non-specific immune
responses to infection that do not require prior antigenic
exposure

Involves phagocytosis and non-specific killing of pathogens by
NK cells, monocytes, macrophages, dendritic cells, and the
complement system

Antigen recognition is non-specific. Recognition is mainly via
pattern recognition of pathogen associated molecular patterns
(PAMPs) using toll-like receptors (TLRs)

This system rapidly initiates immune responses by secretion of
pro-inflammatory chemokines that serve as chemoattractants
for other effector cells and guides the adaptive immune
response

There is no residual memory to the antigen generated by the
innate immune response

Later immune responses against specific antigens

Involves clonal expansion of antigen-specific B- and
T-lymphocytes

Antigen recognition by specialized B- and T-cell receptors
(BCR and TCR)

Involves more sophisticated mechanisms for pathogen
destruction via antigen-specific B- and T-cells, that involve
cell-cell contact and secreted factors

Emergence of long-lived memory cells directed against antigenic
components with amnestic response on re-challenge with
antigen
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The adaptive immune system is comprised of
two broad subdivisions termed humoral and
cell-mediated immunity. In the humoral arm,
B lymphocytes recognize specific antigens via
antibodies. Mature B-cells typically express mem-
brane-bound immunoglobulins (Ig) that are
coupled to transmembrane and intracellular pro-
teins that modulate outside-in signaling (termed
the B-cell receptor complex or BCR). Mature
B-cells also secrete soluble immunoglobulins
(i.e. antibodies; the same and only Ig expressed
on the cell surface within the BCR). By contrast, in
T-cell-mediated immune responses, T lymphocytes
recognize “‘foreign” or ‘“‘non-self antigen” via
membrane-bound T-cell receptors (TCR), as pre-
sented to them by antigen presenting cells (APC).
The APC phagocytize large proteins and break
them down into small peptides; some of the
peptides are coupled to major histocompatibility
complex (MHC) molecules intracellularly, and
then expressed on the cell surface bound to MHC
I and MHC II molecules. Both B and T-cells have
co-receptors that influence activation and signal-
ing, and this activity is further modulated by
soluble mediators (i.e. cytokines and chemokines
secreted in an endocrine or autocrine fashion)
through other, specific receptors expressed on their
cell surfaces.

Dendritic cells (DCs), macrophages, and B-cells
are examples of APC. While the former are more
potent T-cell activators (thus termed ‘““professional
APC”), B-cells have the advantage of capturing
antigen through antibody on the cell surface which,
in turn, facilitates processing of specific Ag and
presentation to T-cells. Typically, the epitopes, or
regions of the antigen recognized by B and T-cells,
differ, which facilitates interaction of antigen-
specific B and T-cells (i.e. through the antigen)
which, in turn, leads to further amplification of the
immune response. T-cells generally exert their
effects locally through both cell-to-cell contact and
secretion of soluble mediators (e.g., cytokines,
chemokines).

Since immune and autoimmune responses
share similar pathways, the normal development
and activation of B and T-cells will be reviewed
to provide the foundation for discussion of gen-
eral mechanisms leading to the emergence of

autoimmunity. In this context, it has been
observed that the majority of self-reactive immune
cells are normally deleted or inactivated during
development. This process has been termed central
tolerance. There are also checkpoints that regulate
the emergence of autoreactive cells during adult
life (e.g., during immune responses versus foreign
antigen); this process has been termed peripheral
tolerance. Nevertheless, some cells escape both
checkpoints, and their activation may lead to
autoimmunity.

2.1. Development of B-cell tolerance

During both development in the bone marrow and
on subsequent activation, the B-cell repertoire is
regulated to limit autoantibody production. Dur-
ing these processes, a diverse range of Ig receptors
(i.e. with different antigenic specificities) are
generated through stochastic (e.g., gene rearrange-
ments) and mutational (e.g., after antigenic stimu-
lation) events. Prior to engaging antigen, variable
(VH), diversity (DH), and joining (JH) heavy-
chain genes rearrange to encode the Ig heavy-chain
variable regions, whereas V and J genes encode the
light-chain variable regions. This initial ‘“‘germ-
line” diversity is great; with 40+ Vy genes, 25+
Dy genes, 6 Jy genes, 40+ V, genes, 5+ J,
genes, 30+ V, genes, and 4 J, genes, that result in
many combinations. The diversity is amplified by
random insertion of nucleotides during rearrange-
ment at the Vyg—Dy, Dy—Jy, VL—Dy junctions,
and other recombinatory events. Although expres-
sion of a functional BCR and signaling during
development of naive B-cells determines its survi-
val, these early events are not dependent on
antigen encounter. However, subsequently, signal-
ing through the antigen receptor is required for
B-cell maturation. Typically, this is delivered
through the BCR complex following antigen
binding, via the antibody expressed on the cell
surface. Nevertheless, the ultimate fate of deve-
loping B-cells is dependent on both their matura-
tion state when antigen encounter occurs, along
with the presence of other factors that support the
process (e.g., such as T-cell help through cell
contact and cytokine stimulation).
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B-cells deal with self-antigens differently. During
the early stages of maturation in the bone marrow,
when an immature B-cell encounters self-antigen
(i.e. via the BCR complex), either “clonal deletion”
or “‘receptor editing” occurs. In general, a highly
avid ligation of a BCR by autoantigens results in
receptor cross-linking and intense signaling through
the BCR complex; this process activates cellular
programs which lead to cell death (i.e. clonal
deletion). Alternatively, encounter with an auto-
antigen may lead to additional V gene rearrange-
ments, so that the amino acid sequences of the
antigen-binding region (of the antibody) are
altered. This results in the production of an
antibody with a different antigenic specificity, so
that the membrane-bound antibodies no longer
recognize the autoantigen. This process, termed
receptor editing, requires reactivation of the recom-
binaces, so that antibody is encoded by different
genetic elements. During receptor editing, either a
different chain (light or heavy), or a secondary V
gene rearrangement (e.g., on a previously rear-
ranged gene) occurs, to encode a new antibody with
a different antigenic specificity.

Another mechanism of B-cell tolerance is
referred to as ignorance/antigen segregation. It has
been postulated that some antigens in tissues, by
nature of their location, never encounter B-cells,
and therefore this tissue barrier regulates auto-
immunity through ignorance. Whether this is the
case, or whether low-level autoantigen exposure
during normal physiology (i.e. in the context of
lack of ongoing inflammation) leads to long-lived
tolerance is uncertain. B-cells that do encounter
autoantigens are not normally activated unless
they receive help (i.e. via soluble mediators and/or
T-cells).

For survival, emerging B-cells must receive
survival signals (via the BCR). The first signal
typically occurs after antigen binding by surface
Ig. Secondary signals come through co-stimulatory
molecules that facilitate B-cell interactions with
T-cells (e.g., CD40L-CD40) and soluble media-
tors, e.g., cytokines and chemokines (e.g., IL-2,
IL-4, IL10). Together these interactions facilitate
B-cell maturation by promoting somatic hypermu-
tation and affinity maturation in the germinal
center of the lymphoid follicle (see below).

Continual antigen binding by surface bound Ig
leads to clonal expansion of B-cells and production
of specific antibodies against the antigen. Some of
these cells survive after the antigen is removed as
long-lived antigen-specific B-cell clones, called
memory B-cells. These cells mediate secondary
immune responses and can be distinguished by the
surface proteins they express.

It is emphasized that although many B-cells
require co-stimulatory signals from T-cells
(thymus-dependent), some antigens directly acti-
vate B-cells (thymus-independent). Typically, these
direct stimulators are microbial antigens with
repeating antigenic patterns that activate Toll-like
receptors on B-cells directly.

Following antigen-induced activation and B-cell
proliferation, mutations take place in complemen-
tary determining regions (CDRs, which are muta-
tional hot spots), whereby B-cells that encode
antibody with higher specificity are further selected
through antigen binding and proliferate. B-cells
that do not encounter antigen at this stage die.
Despite these elaborate tolerogenic processes in
the bone marrow, elimination of potentially
autoreactive B-cells is incomplete and some auto-
reactive B-cells (normally of low affinity) exist in
normal individuals. Furthermore, during antigen-
driven immunity (e.g., to foreign antigens, bac-
teria), autoreactivity may emerge (e.g., with
somatic mutations in CDR regions of new emer-
ging antibody variable regions). These autoreac-
tive cells are dealt with in peripheral lymphoid and
other tissues.

The primary V gene rearrangements occur in the
bone marrow, whereas the secondary, antigen
dependent, maturing events occur in secondary
lymphoid organs, mainly in the germinal centers of
the spleen, lymph node and lymphoid follicles.
As previously indicated, the extensive hypermuta-
tion of heavy-chain and light-chain genes is
essential for the generation of a highly adaptive,
diverse immune repertoire to eradicate potential
pathogens, during affinity maturation. In the
immune response against foreign antigen, matur-
ing B-cells, upon exit from the bone marrow,
acquire large numbers of point mutations in
CDR regions in the germinal centers during
affinity maturation reactions. During the process,
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autoreactive antibodies are generated. Typically
these B-cells are short lived and undergo apoptotic
cell death, unless rescued (positively selected) by
appropriate recognition of antigen on follicular
DCs. In this context, weak signals resulting from
either low-affinity BCR-antigen interactions, or
lack of co-stimulation and soluble mediators
(e.g., cytokines and chemokines), will lead to
either deletion or “‘anergy” (a state in which the
receptor-positive B-cell persists, but is hypores-
ponsive to further stimulation by antigen). Never-
theless, despite all these checkpoints to eliminate
autoreactive B-cells, some low-affinity cells may
emerge during receptor editing or escape into the
circulation. These autoreactive cells that escape
into the periphery undergo class switching to IgG.

In recent work using a murine model of
lupus nephritis, Ravetch et al. have demonstrated
an essential peripheral tolerance checkpoint,
mediated by the FcyRIIB receptor (i.e. an inhibi-
tory murine FcR). They demonstrated that mice
deficient in FcyRIIB, with normal central B-cell
tolerance, developed IgG anti-DNA antibodies
and nephritis, thus implicating that the balance of
inhibitory and activating FcRs is essential to
maintenance of peripheral tolerance.

Chronic exposure of B-cells to self-antigens in
the absence of co-stimulation leads to the nuclear
translocation of the calcium and calcineurin-
dependent transcription factor, NFATI, and
anergy. Nevertheless, in some cases, the inflam-
matory milieu generated by normal immune
responses to foreign antigens, the combination of
T-cell help and soluble mediators, leads to activa-
tion of autoreactive B-cells. Nevertheless, other
peripheral mechanisms such as cytokine (immune)
deviation and clonal exhaustion, contribute to
maintenance of tolerance. In the former, the
maintenance of the immune response is influenced
by cytokine secretion, and is therefore heavily
influenced by the dominant T-cell phenotype
(e.g., Thl, Th2, regulatory T-cells, and Thl17).
Classically, Thl cells produce IFN-gamma and
IL-2, and enhance production of autoreactive
complement-fixing IgG2a antibodies. Th2 cells
produce IL-4, IL-5, IL-10, and/or TGF f1, which
enhance non-complement fixing antibodies. Cytokine
(immune) deviation, is the process by which a

switch to a particular phenotype occurs. Auto-
immunity is prevented when the cytokines secreted
limit further expansion of proliferating cells. The
influence of T-cell phenotypes on autoimmunity is
discussed below. These and previously discussed
tolerance checkpoints in B-cell development and
activation are illustrated in Fig. 1.

2.2. Development of T-cell tolerance

In contrast to B-cells which bind to soluble
antigen, T-cells recognize antigens as small
peptides that are displayed on the surface of
APC in the context of MHC proteins. Other co-
stimulatory molecules and soluble mediators are
required for T-cell activation. Typically DCs and
macrophages are the most potent stimulators of
T-cells (especially naive T-cells). However, B-cells
can also be very effective, since endocytosis via
surface Ig facilitates engagement of T-cells with
TcR for that particular antigen, which leads
to augmentation of antigen-specific immune
responses.

T-cell-mediated immunity is essential for eradi-
cation of intracellular pathogens as occurs in
viral infections, and to provide help for B-cells
during the proliferative phase of B-cell antibody
responses. T-cell activation occurs following an
encounter with APC. In this process, antigenic
peptide fragments are delivered to the APC surface
by specialized host-cell glycoproteins encoded by a
large gene complex called the MHC, of which there
are two major classes, I and II. The expression of
MHC class I and II molecules is different among
tissues, and this influences whether antigens will be
recognized. T-cell responses are dependent on the
efficient and accurate processing of proteins by
APC, through MHC molecules. MHC class I
proteins are expressed on all nucleated cells,
although they are most highly expressed in
hematopoietic cells. MHC class II molecules are
normally expressed only by a subset of hemato-
poietic cells and by thymic stromal cells, although
they can be induced during inflammatory responses
on parenchymal cells. Figure 2 shows a cognate
T-cell-APC interaction. Noteworthy, the different
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Figure 2. Tolerance checkpoints in T-cell activation.

responses are determined by the presence of
competing costimulatory signals and cytokines.
Immunological tolerance, by T-cells, is main-
tained through diverse mechanisms, with multiple
checkpoints. Autoreactive T-cells may be deleted

centrally in the thymus on confrontation with
autoantigen; this is especially evident for high-
affinity TCR interactions. By contrast, outside the
thymus (i.e. “periphery’’), when T-cells encounter
antigen (in the context of APC) and co-stimulatory



Pathogenesis of Renal Diseases: Autoimmunity 29

signals from CD28 and CD134, enhanced T-cell
proliferation and cytokine production occurs.
However, lack of the appropriate co-stimulatory
signals during this process results in T-cell anergy.
When antigens are presented in a different context
via the TCR (e.g., either by immature APC or
autoreactive B-cells), negative signaling occurs
via CTLA-4 and PD-1 pathways, which inhibit
T-cell responsiveness. This negative signaling may
result in apoptosis, inhibition of proliferation and/
or cytokine deviation, and result in either the
emergence of regulatory T-cells and/or T-cell
anergy, with suppression of the immune response.

During T-cell development, the generation of
autoreactivity is limited. In the thymus, lympho-
cytes that do not encounter antigen are eliminated.
Furthermore strong TCR-Ag/MHC interactions
in the thymus lead to deletion or inactivation of
self-reactive lymphocytes through the processes of
clonal deletion or inactivation (central tolerance).
Thereafter, self-tolerance by T-cells is maintained
in the periphery (i.e. outside the thymus), through-
out adult life, by mechanisms similar to those
discussed earlier for B-cells: these include hidden
self-antigens (ignorance/antigen segregation) and
absence of co-stimulation during antigen encoun-
ters. When the latter occurs it is termed “*peripheral
anergy,” and it is important for maintenance of
tolerance, since normally sequestered antigens may
be exposed during life (e.g., inflammation). In this
situation, lack of appropriate co-stimulation (e.g.,
cytokines and/or costimulatory cell-cell interac-
tions; see below) limits autoreactivity.

Another less well-understood mechanism that
contributes to immune regulation has been termed
“cytokine deviation.” Naturally occurring and
inducible regulatory T-cells (Tregs) have been
recently characterized. Regulatory T-cells induce
immune tolerance by suppressing host immune
responses against self- or non-self-antigens by
cytokine secretion and direct cell-to-cell contact.
Although the mechanisms are incompletely under-
stood, this involves pushing T-cell responses from
Th1 to Th2 responses. In part the benefit is due to
a switch from more pro-inflammatory cytokines
(e.g., IL-1, IL-2, IFN-gamma, TNF and others),
to cells that secrete IL-4, IL-6, 1L-10, TGF-p,
GM-CSF, and other more anti-inflammatory

mediators. This process also limits maturation of
DCs, so that they remain functionally immature
and tolerogenic. More recently, another T-cell
effector subset, Th17, which produces IL-17 and
promotes autoimmune diseases, has been described,
and it will be important to determine how it fits
into the overall scheme. Summarized in Table 2 are
some currently known mechanisms by which self-
tolerance is established and maintained by the
adaptive human immune system.

3. Mechanisms of tolerance maintenance
3.1. The innate immune system

The innate immune system plays an essential role
in maintaining tolerance and preventing emer-
gence of autoimmunity. The innate system consists
of several powerful components that recognize
and facilitate the elimination of pathogens and
unwanted host materials following apoptosis and
cell death. It forms an early barrier to pathogens,
that does not rely on the clonal expansion of
antigen-specific lymphocytes, but rather comprises
multiple non-antigen-specific defence mechanisms
that counteract a wide range of pathogens. The
advantages of this immediate protection are
obvious. The innate system may also act as a
“switch” or an “adaptor’ that helps to turn-on and
turn-off the adaptive immune response. Never-
theless there is evidence that dysregulation of this
system may result in autoimmunity.

The important cellular players of the innate
immune system are macrophages, DCs (mature and
immature), monocytes, and natural killer T-cells.
These cells are essential for phagocytosis and lysis of
foreign antigens. They act as “scouts” for the immune
system, and play an important role in regulating both
the sensor and effector arms of the adaptive response.
Another powerful component of the innate immune
system of effectors is the complement system. Over
30 effector and regulatory proteins act in concert to
influence the strength of adaptive antigen-specific
B-cell immune responses. Nevertheless these proteins
must be controlled, as dysregulation in their activa-
tion leads to inflammation.
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Table 2
Major mechanisms of induction and maintenance of tolerance

Type of tolerance Mechanism Site of action
B-cells
Central tolerance Deletion Bone marrow
Editing

Antigen segregation
lymphoid system
Peripheral anergy
without co-stimulus

Clonal exhaustion Apoptosis post-activation

T-cells
Central tolerance
Antigen segregation

Deletion
system
Peripheral anergy
without co-stimulus
Cytokine deviation
Clonal exhaustion

Apoptosis post-activation

Regulatory T-cells
signals

Physical barrier to self-antigen access to

Cellular inactivation by weak signaling

Physical barrier to access to lymphoid
Cellular inactivation by weak signaling
Differentiation to Th 17, Th2 cells limiting

inflammatory cytokine secretion

Suppression by cytokines, intercellular

e.g., GBM, thyroid, pancreas, testes, lens; antigen
inaccessible to B cells in peripheral organs
B-cell anergy in lymphoid follicles/tissues

Secondary lymphoid tissue and sites of
inflammation

Thymus

e.g., GBM, thyroid, self-antigen pancreas, testes,
lens; antigen inaccessible to T-cells in peripheral
organs

T-cell anergy in lymphoid follicles/tissue

T-cells in secondary lymphoid tissues and sites of
inflammation

Secondary lymphoid tissue and sites of
inflammation

Secondary lymphoid tissue and sites of
inflammation

The following discussion focuses on the essential
regulatory roles of various components of the
innate immune system: including toll-like receptors
(TLRs), APC and the complement system of
proteins, and how they function together to limit
the immune response against self-tissues.

3.2. Role of TLRs in regulating the innate
immune response

Toll-like receptors (TLRs) are essential sensors of
microbial infection that detect and respond speci-
fically to a variety of conserved molecular patterns,
including lipopolysaccharide, lipopeptides, and
bacterial DNA from pathogens, termed pathogen-
associated molecular patterns (PAMPS). These
conserved molecular patterns serve as adjuvants.
Upon recognition and engagement, these molecular
patterns on pathogens are responsible for activating
the immune/inflammatory response. Additionally,

TLR activation often results in stimulation of the
adaptive immune response through activation of
DC, by upregulation of co-stimulatory molecules,
and secretion of inflammatory cytokines. TLRs are
expressed on many cell types including macro-
phages and DCs, and over ten different TLRs have
now been shown to be involved in the recognition of
molecular structures unique to bacterial and fungal
cells. TLR ligation (e.g., by bacterial DNA) causes
induction of pro-inflammatory cytokine and chemo-
kine expression, and upregulation of co-stimulatory
molecule expression by APC. Importantly, the
distinction between foreign (e.g., bacterial DNA)
and human substrates (e.g., mammalian DNA) is
critical for maintenance of self-tolerance.

The expression of TLRs is compartmentalized
within individual cells. Unique bacterial and
fungal molecular structures are recognized by
TLR-1, TLR-2, TLR-4, TLR-5, and TLR-6,
localized in plasma membrane and then recruited
into phagosomes. TLR-1/TLR-2 and TLR-2/TLR-6
exist functionally as heterodimers, and the existence
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of homodimers of TLR-2/TLR-2 has been suggested
in the literature. TLR-3, TLR-7, TLR-8, and TLR-9
bind to nucleic acids localized in intracellular
compartments and differentiate self from non-self.
During viral infections, nucleic acid-binding TLRs
are used in abrogating Treg suppression so that the
activation threshold for viral-reactive T effectors
is lowered and a vigorous T-cell response can be
established. Table 3 summarizes the location of
different TLRs described in humans and their
exogenous and/or endogenous ligands, and function
where currently known.

Table 3
Human toll-like receptors: location and ligands

The distinctive recognition and response of TLR
receptors to self-antigens (e.g., such as those derived
from apoptotic cell death, including nucleoproteins)
from TLRs that respond to invading pathogens,
are essential for maintenance of immune tolerance.
In this regard, in murine lupus, ligation of TLR-7
and TLR-8 on Tregs breaks peripheral tolerance,
when ligated by apoptotic blebs containing
RNP or other nucleic-binding autoantigens. The
resulting dysregulation of suppressive activity by
regulatory T-cell phenotypes leads to systemic
autoimmunity.

TLR-1
Location: plasma membrane

Exogenous ligand: dimerizes with TLR2 and binds triacyllipopeptides, lipoarbinomannan from mycobacterium, glycosylphosphatidyl

inositol-linked proteins in parasites like Trypanosoma cruzi

TLR-2
Location: plasma membrane
Exogenous ligand: binds peptidoglycan and lipopeptides

Endogenous ligand: HSP 60, HSP 70, gp96 HMG BI1, hyaluronate, fibronectin, minimally modified LDL, heparin sulfate, HSPB8

TLR-3
Location: intracellular
Exogenous ligand: dsSRNA from viruses
Endogenous ligand: necrotic cells

TLR-4
Location: intracellular
Exogenous ligand: LPS

Endogenous ligand: HSP 60, HSP 70, gp96 HMG BI, hyaluronate, fibronectin, minimally modified LDL, heparin sulfate, HSPBS.
Abrogates regulatory T-cell function, independent of co-stimulation, mediated through DC expression of 1L-6

TLR-5
Location: intracellular
Ligand.: bacterial flagellin

TLR-6

Exogenous ligand: dimerizes with TLR2 and binds diacyl lipopeptides, peptidoglycans found in yeast

TLR-7

Location: intracellular constitutively expressed in ER, endosomes, and lysosomes of plasmacytoid DC
Ligand: single stranded RNA (ssRNA), purified snRNPs; triggered by imiquimod, resigimod

TLR-8
Ligand: single-stranded RNA (ssRNA), imidazoquinolones

TLR-9

Location: intracellular constitutively expressed in plasmacytoid DC

Ligand: non-methylated cpG-containing DNA

TLR 10
Ligand: unknown
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3.3. Role of APC in determining:
inflammation, tolerance, or autoimmunity?

Typically, a robust immune response occurs when
foreign antigens are presented by professional
APC (i.e. macrophages, B-cells, and mature DC
(mDC:s)). Such cells constitutively express ligands
for T-cell signaling via CD 28/CTLA4/PD-1, and
they elicit a robust immune response through
upregulating expression of co-stimulatory mole-
cules (e.g., B7.1, B7.2, B7-DC) and production of
pro-inflammatory chemokines and cytokines
(e.g., TNFa, IFNy, IL-f, IL6 and IL-12). This
process drives the adaptive immune response
against the foreign antigen during cognate inter-
actions with lymphocytes.

DCs act as sentinels and are the most potent
antigen presenting cell involved in both the defence
from pathogens and maintenance of immune
tolerance. Regulation of their maturation, migra-
tion, and expression of stimulatory and costimula-
tory molecules has major consequences on the
immune response. Under non-pathologic condi-
tions, internalization of self-antigens (e.g., from
apoptotic cells) by DC resident in peripheral tissue,
leads to DC migration to secondary lymphoid
organs, where presentation of self-peptides to
T-cells occurs. However, the adaptive immune
response against self-antigen is dampened in the
absence of inflammation and usually results in
tolerance. Additionally, presentation of self-anti-
gens to immature DC (iDC) usually limits immune
responsiveness, leading to preferential emergence of
regulatory T-cell phenotypes. Thus DC play a
significant role in the induction and maintenance of
peripheral T-cell tolerance. During cognate interac-
tions with T lymphocytes, tolerogenic DC exhibit
decreased production and secretion of pro-inflam-
matory cytokines (e.g., IL-1, IL-6, IL-12 and
TNF-2), demonstrate enhanced secretion of anti-
inflammatory cytokines like IL-10, and receive
tolerizing signals from complement receptors.

Furthermore, antigenic presentation to T-cells
by non-professional APC, such as renal tubular
epithelial cells, often limits immune responsiveness
and promotes tolerance. Renal tubular epithelial
cells (TECs) constitutively express MHC 11

molecules in low quantities and have the capacity
to present peptides to T-cells. However, during
inflammation, expression of MHC II molecules is
upregulated and they assume an APC-like pheno-
type. Such non-professional APC participate in
antigen presentation and activation of T-cells.
Particularly noteworthy, this type of T-cell activa-
tion may not always be subject to usual regulatory
mechanisms, so that TEC may perpetuate immune
responsiveness.

3.3.1. Professional versus non-professional
APC: the role of renal epithelial cells in

emergence of autoimmunity

Renal tubular epithelial cells play an important role
in inflammation in the kidneys. In addition to
expressing MHC II molecules, they have been
shown to express co-stimulatory ligands CD40,
B7RP-1, and CD2, that interact with the receptors,
CD154, ICOS, and LFA-3. It was previously
thought that a second signal provided via this
interaction might regulate T-cell function under
pathologic conditions. More recently, however,
a new member of the B7 family, B7-DC, was
identified as a ligand for PD-1 (a homolog of CD28
and CTLA-4). It is expressed in renal tubular
epithelial cells in various segments of the nephron in
disecased kidneys, such as those with chronic
nephritis, lupus nephritis, and tubulointerstitial
nephritis. These observations raise the possibility
that during inflammation, renal TEC upregulate
expression of B7-DC, which in turn, plays a role in
T-cell recruitment and local activation. There is
some evidence that engagement of B7-DC with
PD-1 causes inhibition of T-cell proliferation and
cytokine production, similar to the overall negative
regulatory function it exerts on professional APC.
However there is also evidence that shows B7-DC
acts as a co-stimulator to enhance production of
IFN-y and cellular proliferation. Although the
precise role of B7-DC on renal tubular epithelial
cells likely varies with the underlying pathology,
these findings indicate that they can serve as APC.
However, they may not be subject to usual control
mechanisms and, therefore, could potentially per-
petuate autoimmune activity in the kidney.
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3.3.2. The role of immature versus mature
DC as APC in the emergence of

autoimmunity
Successful initiation of the adaptive immune
response requires DC maturation, after signaling
through the TLRs and CD40. DC play an impor-
tant role in inducing and maintaining tolerance, in
part, by promoting the generation of regulatory
T-cells. mDC are potent APC, whereas immature
APC promote tolerance. The distinction is related
to secretion and expression of stimulatory and
co-stimulatory molecules. During the immune
response, mDC up-regulate their expression of
B7.1 (CD80) and B7.2 (CDS86), deliver strong
stimulatory signals to T-cells, and this results in
enhanced T-cell proliferation and Thl-type
responses (T-cells that produce large amounts of
IFN-y and IL-2 but no IL-4, IL-5, or IL10). In
contrast, iDC with low expression of CD80 and
CD86, promote tolerance as poor stimulators of
T-cell proliferation and cytokine production. iDC
promote preferential emergence of regulatory
T-cell and Th2 phenotypes that promote peri-
pheral tolerance. These T-cells produce high levels
of IL-10 and TGF-f. IL10, in turn, arrests further
maturation of iDC and prevents full expression of
co-stimulatory molecules found on mDC.
Recently novel strategies using tolerogenic iDC
have been employed to limit autoimmune diseases
and graft-versus-host disease (i.e. after allogenic
bone marrow transplantation), and to promote
tolerance in solid organ transplantation. The role
of various chemokines such as vasoactive intestinal
peptide (VIP) for ex-vivo expansion of tolerizing
iDC is currently being explored. However, since iDC
are likely to mature in inflammatory conditions such
as those seen in autoimmune diseases and solid
organ transplantation, the major challenge of pre-
venting maturation of iDC, after adoptive transfer
from ex-vivo systems into animal models of human
autoimmune diseases, will need to be overcome.

3.3.3. The role of the B-cell as an APC in

emergence of autoimmunity
B-cells contribute to autoimmunity by production
of pathogenic antibodies and by acting as APC.

The latter conclusion is derived from experiments
where autoimmune prone mice without B-cells do
not develop disease. Furthermore, administration
of autoantibodies alone is insufficient for severe
disease. In murine lupus, it was observed that mice
with surface Ig, but not secreted Ig, developed
more severe disease than mice who received
sufficient quantities of serum to maintain autoanti-
body levels for weeks. Similar findings in other
forms of autoimmune diseases confirmed these
results. Presumably, B-cells are crucial for antigen
presentation and secretion of soluble mediators for
T-cells. Furthermore, antigen capture is very effi-
cient through surface Ig, and therefore, although
not as potent as DC and macrophages in T-cell
activation, B-cells are more efficient in directing
antigen-specific responses. These investigations sup-
port an important role for B-cells in autoimmune
diseases, and they provide the rationale for current
therapy to eliminate them In this regard, therapeu-
tic trials are underway in human lupus nephritis,
membranous nephropathy, and other diseases.

3.4. Role of complement proteins and TLRs
in immune regulation

In a later chapter of this handbook, complement
proteins and the role of their dysregulation in the
pathogenesis of autoimmune renal diseases is
discussed in detail. This section emphasizes the
role of complement pathways in immune regula-
tion. Tight regulation of complement proteins is
especially important for maintenance of tolerance
in the innate immune response, and defects in the
control of complement activation are associated
with autoimmune diseases. As importantly, defec-
tive regulation of complement activity may also
manifest in the uncontrolled activity of the innate
immune response; this can result in defective
clearance of apoptotic cell debris, impaired opso-
nization, or perturbed phagocytosis.

The regulatory roles played by the various
cellular and non-cellular components of the innate
immune system at the different levels that establish
and maintain peripheral tolerance are summarized
in Table 4. It is emphasized that interplay of these



Table 4

Regulatory role of the components of the innate immune system and examples of autoimmune kidney diseases in dysregulation

Innate system

Cell players and function

Mode of regulation

Key proteins responsible for

Examples of dysregulation/

activity regulation autoimmunity
Phagocytosis of Macrophage, NK cells TLR specificity Ligands on microbes, phagocyte SLE
microbes monocytes, immature DC, receptors, e.g., complement

neutrophils proteins, IgM, C-reactive protein
Phagocytosis of Clearance by receptors on RBC Presence of cell surface receptors Scavenger receptors, integrins, SLE

apoptotic cells;
clearance of
immune
complexes

Regulation of
immune response
by signals from
apoptotic cells

Regulation by
APC

Complement
system: induction
of antibody
responses and
opsonization and
lysis of apoptotic
cells and other
cellular debris

podocytes (platelets in rodents)
Presentation of Ag by T-cells

TLRs on macrophages,
monocytes, and NK T-cells
TRegs

Different outcome of Ag
presentation by professional
APC e.g., macrophages, mature
DC vs. immature DC

Ag presentation by non-
professional APC, e.g., renal
epithelial cells

Cell clearance; inactivation of
Clq; covalently bound fragments
of C3 and C4

to clear waste on phagocytic cells
e.g., FcyRs

Tolerogenic signals and anti-
inflammatory cytokine secretion:
for apoptotic cells usually
expressing self-antigen

Danger signals and pro-
inflammatory cytokine secretion:
for necrotic cells

Immune tolerance; anergizing
CD4+, CD8+ T-cells by
immature DC

Induction of differentiation of
naive T-cells to TReg

Focus activation of complement
on microorganism surfaces;
regulate complement activation
and deposition on normal cells

FcyR, collectin receptors

TGF p, IL-10, IL-13
GM-CSF, TNFo, IFN-y, IL-1

Anti-inflammatory cytokines in
micro-environment

Activating/inhibitory receptors
expressed on surface of DC and
T-cells

Binding clq, CRP, IgM to
apoptotic cells

Regulators of complement
activation: factor H C4-binding
protein, r CR1, CD35, decay
accelerating factor, CD
membrane cofactor protein
(MCP, CD46)

AutoAg in apoptotic blebs
(e.g., DNA, RNA, chromatin-
delayed/ineffective clearance
in SLE

Maturation of immature APC
and upregulation of MHC 11
in inflammatory milieu results
in AutoAb a autoreactive B
and T-cells, e.g., RA

Defective regulation of C3
causes MPGN

C3 nephritic factor; (autoAb)-
MPGN II in SLE end with
MPGN. Factor H and 1
deficiencies lead to increased
complement activation, in SLE,
MPGN, HUS
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components of the innate immune response con-
tribute to distinguishing self-antigen from non-self,
and examples of how dysregulation of these
proteins lead to autoimmunity are highlighted.

4. Emergence of autoimmune renal disease:
breakdown of tolerance checkpoints

The generation, maintenance, and proliferation
of autoreactive B and T-cells and emergence of
autoimmune renal disease, involves the simulta-
neous breakdown of multiple central and peri-
pheral checkpoints involved in the maintenance of
tolerance. It is well established that the mere
presence of autoreactive B or T-cells is insufficient.
For example, in lupus patients autoantibodies
have been detected long before the onset of clinical
disease (e.g., nephritis). Although the precise
sequence of events likely varies among individuals,
the contributing factors will be reviewed.

4.1. Genetic and host factors in emergence
of autoimmune kidney disease

Studies of genetic backgrounds in patients with
autoimmune kidney diseases suggest linkage dis-
equilibrium with some genes, and a preponderance

Table 5
Genetic factors in autoimmune kidney diseases

of certain autoimmune diseases has been reportedly
associated with individuals with particular genes.
Nevertheless, serum autoantibodies have been
found in individuals who never develop clinically
overt disecase, and autoantibodies may precede
overt disease in some patients. These findings give
credence to the notion that autoimmune disease
likely requires several breakpoints in regulation of
either adaptive and/or innate immune in genetically
susceptible individuals. Furthermore, the particular
inflammatory phenotype expressed in response to
an injury, for example a Th1 versus Th2 response is
likely also genetically determined. These observa-
tions help to explain why individuals with the
same disease have different forms and severity of
nephritis.

Table 5 lists autoimmune kidney diseases in
which specific genes that have been implicated.
Their precise role is discussed in detail in the
respective chapters; we emphasize the associations
here to illustrate the genetic contributions to
pathogenesis.

4.2. Environmental factors in emergence of
autoimmune kidney disease

Various environmental factors may also contribute
to elicit immune responses against antigens in
the kidney. For example, in individuals who are

Autoimmune kidney diseases with genetic susceptibility

Disease Genes linked Relative risk
Goodpasture’s disease DR2(w15) 10.5
Membranous nephropathy DR3, DR2 (wl95) 5-7

IgA nephropathy DR4 2.6

Minimal change nephrotic syndrome DR7, DR8 10.1

Acute post-streptococcal GN
Systemic lupus erythrematosus

ANCA-associated vasculitides

Membranous proliferative GN type 11

Ag-activates alternative

DR3 ?DR2, complement genes
def Clq, C2, C4

?DR2, ?’DR4, 7DR6

Alpha-1 antitrypsin locus
abnormality

Complement factor H
deficiency
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genetically predisposed to develop autoimmune
diseases such as SLE, factors that have been
associated with initiation of symptoms and
subsequent flares of disease include infectious
agents, stress, toxins, and physical agents like
sunlight. Similarly, in anti-GBM disease unmask-
ing of the pathogenic epitopes in the kidney and
the lung provides the nidus for deposition of
circulating autoantibodies. Whether exposure
stimulates immunity, however is not certain.
Table 6 highlights some examples demonstrating
how the complex interaction between various
environmental factors in a susceptible host results
in autoimmune kidney disease. It is emphasized
that for disease expression, multiple events are
required, including antigen exposure, access of the
antigen to the immune cells, elicitation of an
immune response against the exposed antigen,
immune complex formation or T-cell infiltration,

Table 6

and downstream effector mechanisms that result in
inflammation.

4.3. Role of nephritogenic autoantibodies in
autoimmune kidney diseases

Nephritogenic autoantibodies form immune
deposits in the kidney and induce injury. The
major mechanisms of immune deposit formation
include: direct binding to renal antigens, binding
to exogenous antigens that localize in the kidney,
and serve as planted antigens for circulating
antibodies, or deposition of circulating immune
complexes. In the latter situation the Ag may be
endogenous (auto) or exogenous (foreign). In most
situations, the location of the antigen determines
the site of deposition. The ensuing inflammation

Autoimmune kidney diseases and interplay of environmental factors, self-antigen, and immune response

Example of autoimmune kidney

disease antigen exposure

Environmental promoter resulting in kidney

Antigen; immune response

Intrinsic antigens

Goodpasture’s syndrome, anti-
glomerular basement membrane
disease

Alport’s syndrome, post kidney
transplantation

Tubulo-interstitial nephritis

ANCA related vasculitides

Extrinsic antigens
Allergic interstitial nephritis

APSGN

IgA nephropathy
Cryoglobinemia, MPGN

Exposure to organic solvents, cigarette smoke
in the lungs expose lung basement membrane

Presence of transplanted kidney expressing
NC1 domain of COL3AS in GBM

Viruses, e.g., CMV, HIV, EBV lead to viral
transformation of epithelial cells expressing
new proteins

Staphyloccocal infections, nasal carriers, viral
lung infections, and inflammation

Penicillins, e.g., methicillin, nafcillin,
cephalosporins, phenytoin, and inflammatory
cytokines

Ab vs. nephritogenic strain of streptococci

Viral and bacterial infections

Viruses (Hepatitis C)

GBM; humoral and cell-mediated immune
response against NCldomain of o3 IV
collagen (COL3A4)

GBM; Results in immune response against
NCldomain of COL3AS in GBM and
autoantibody deposition

Neoantigen, TBM- ; viral proteins expressed
on epithelial cells, upregulation of MHC II
and resultant cell-mediated immune responses

ANCA vs. intracellular PMN Ag; ANCA
activate PMN which engage activated
endothelia

Drug-hapten conjugates

Nephritogenic Ag from strep localize in
glomeruli; Ab bind to strep to form immune
deposits

Immune complexes?; 1gG? IgA?

Cryoglobulins
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(or lack thereof) is dependent on the isotype and
location of the deposited antibody. IgG containing
immune deposits are generally more nephritogenic
than IgM, since they have greater capacity to
engage FcR on infiltrating cells. Persistence of
immune deposits, due to either high-affinity
glomerular Ag interactions, or stabilization of
immune complexes within the capillary wall, also
enhances pathogenicity. In the case of ANCA-
associated vasculitis, although pathogenic, the
antibodies do not deposit in the kidney. Instead
they bind to activated neutrophils, which release
enzymes and other contents on engaging activated
glomerular endothelium to initiate local inflamma-
tion, in the absence of overt immune complexes in
glomeruli. Some factors that enhance nephrito-
genic potential of an autoantibody are summarized
in Table 7.

4.4. Other roles for B-cells in autoimmune
kidney disease

In addition to producing autoantibodies, auto-
reactive B-cells have important roles in activating
autoreactive, nephritogenic T-cells and infiltrating
interstitial lesions. Locally they secrete cytokines
and serve as APC for autoreactive T-cells. This
latter function most likely contributes to dis-
ease progression independent of the underlying
disease pathogenesis. Key roles for B-cells in
emergence of autoimmunity are summarized in
Table 8.

Table 7
Nephritogenic antibodies: factors that promote inflammation
and injury

FcR engagement: Fc interaction with FcR provides positive and
negative stimuli for both inflammatory and renal cells; Fc must
be accessible to FcR on circulating cells

Complement activation: lytic and/or sublytic injury to renal
cells; recruitment of cells to amplify inflammation

Direct perturbations of local environment: disruption of cell-cell
or cell-basement membrane interactions; activation of renal
cells via ligation of surface receptors

4.5. T-cells in autoimmune kidney disease

T-cells participate in nephritis in multiple ways.
They infiltrate the kidney, interact with both
professional APC and renal epithelia locally, and
augment B-cell activity. Infiltration is most appa-
rent in interstitial disease and vasculitis, however
T-cells are also visualized during some forms of
glomerulonephritis. In experimental models of
Goodpasture’s disease and ANCA-associated vas-
culitis, T-cells are present in inflammatory infil-
trates suggesting that they help initiate disease.
Furthermore, in experimental models of nephritis,
lesions are significantly limited or absent in
animals without T-cells, despite the presence of
immune deposits. These observations support the
notion that both T-cells and B-cells are required
for full-blown expression of disease. Furthermore
they provide the rationale to target either T-cells,
B-cells, or molecules that modulate T-B interac-
tions during the course of nephritis.

T-cells play a major role in initiating interstitial
nephritis, and experimental rodent models provide
insights into pathogenesis. For example, viral
infection, with expression of new viral proteins,
can trigger T-cell-mediated immunity leading to
interstitial nephritis. Alternatively, tubular inflam-
mation, per se, may lead to exposure of neoanti-
gens and autoimmune nephritis. For example,
cadmium exposure in mice leads to renal tubular

Table 8
The role of B-cells in autoimmune nephritis

Abnormal regulation of autoantibody production

Production of pathogenic antibodies that form immune
deposits, e.g., SLE

Serve as APC for autoreactive T-cells, e.g., interstitial nephritis
and vasculitis

Influence other autoantigen presenting cells by production of
cytokines

Promote normal secondary lymphoid structure that in turn
affects autoimmune responses

Therapies that target either pathogenic B-cells and/or molecules
involved in B-T interactions have potential to alter the course
of nephritis
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Table 9
The role of T-cells in autoimmune nephritis

Abnormal regulation of T-cell activation; abnormal recognition
of self

T-cell help for autoreactive B-cells

Abnormal regulatory T-cell activity

toxicity and necrosis, with exposure of heat
shock proteins. In this context, the HSP elicit an
inflammatory and autoimmune response; the latter
leads to severe interstitial nephritis and renal failure.

In other situations the reasons for the break-
down in T-cell tolerance are not entirely known.
In most circumstances central T-cell tolerance
remains intact but the breakdown occurs in the
periphery. An essential role for regulatory T-cells
in maintaining peripheral tolerance by preventing
long and sustained DC-effector T-cell cognate
interactions has been observed in many autoim-
mune diseases and likely plays a critical role.
Along these lines, a permissive role for dysfunc-
tional Tregs in lupus has been observed. Table 9
summarizes the multiple roles for T-cells and their
secretory products in the pathogenesis of auto-
immune nephritis.

4.6. APC and their role in emergence of
autoimmune kidney diseases

In the foregoing sections of this chapter, a
variety of mechanisms by which APC potentially
promote autoimmune kidney diseases is discussed
extensively. Table 10 summarizes these multiple
roles. There is currently no known model of
autoimmune kidney disease caused entirely by
APC dysregulation. However, antigen presenta-
tion of self-antigens, loss of tolerogenic signals
by maturation of iDC, abnormal TLR regula-
tion and signaling, and inflammatory cytokine
production enhancing the autoimmune response,
are some of the roles played by APC in auto-
immune nephritis. These are summarized in
Table 10.

Table 10
The role of APC in autoimmune nephritis

Antigen presentation of self-antigens; abnormal TLR signaling
Loss of tolerogenic signals by maturation of immature DC

Abnormal co-stimulatory signaling and regulation resulting
from MHC II upregulation and antigen presentation by renal
epithelial cells

Inflammatory cytokine production enhancing autoimmune
response: e.g., production of interferon by plasmacytoid DC

Upregulation of TLR 7 and TLR 9

Antigen presentation by renal epithelial cells and other non-
professional APC causing propagation of inflammatory
responses and escape from normal regulation

5. Conclusions

In the preceding sections of this chapter we have
briefly introduced the concepts of central and
peripheral tolerance, we have reviewed the deve-
lopment of T- and B-cells, and presented postulates
on the roles of both the innate and adaptive
immune systems in formation and maintenance of
tolerance as currently understood. We have
stressed the requirement for a breakdown in
multiple tolerance checkpoints for the emergence
of autoimmunity. An overview of the genetic and
environmental factors leading to emergence of
autoimmune kidney diseases is included. Table 11
briefly summarizes some of these concepts as
currently understood, as they relate to autoim-
mune kidney diseases.

It is important to reiterate that clinically sign-
ificant autoimmunity is a rarity, despite the
prevalence of low-specificity, low-affinity autoan-
tibodies in normal people. Before clinical presentation
of an autoimmune disease, several breaks in check-
points in both the innate and adaptive immune
system have occurred. Autoreactive T- and B-cell
clones must emerge, become activated, proliferate,
and acquire the ability to sustain a self-directed
immune response. The autoantibodies have to be
present in sufficiently high quantities to bind
antigen with necessary avidity and elicit appro-
priate co-stimulatory molecule expression to
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Table 11
Pathogenic mechanisms for common autoimmune kidney diseases

Membranous nephropathy (subepithelial deposits)
Human antigen(s) unknown
Animal models: Heymann nephritis: antibodies bind to megalin and additional antigens present on renal epithelial cells. Proteinuria
is complement dependent. Antibodies induce sublytic injury to cells. PMNs do not have access to Fc of deposited Ab on epithelial
side of GBM
Chronic serum sickness: foreign proteins lodge in the subepithelial space and serve as planted antigens for antibodies. Proteinuria is
complement dependent

Post-streptococcal GN (mesangial, subepithelial, and subendothelial deposits)
Cell-wall antigens from nephritogenic streptococci deposit within glomerular capillary wall before subsequent binding of anti-
streptococcal antibodies. Ag-activated alternate pathway directly

Anti-GBM disease (human)
Autoantibodies bind to alpha 3(IV) collagen
Antigen normally sequestered. Antigen is expressed in glomerulus, lungs, and testes
Needs two hits: antigen exposure and autoantibody production
In patients with pre-existing lung disease, antibody deposition and pulmonary hemorrhage develop

IgA nephropathy/HSP
Altered IgA lodges within the mesangium to initiate nephritis. Role of antigen unclear

Lupus nephritis
Immune deposits form in situ by either cross-reactive autoantibodies binding to glomerular antigens or autoantibodies binding to
soluble antigens that localize in the glomerulus. Nucleosomes may lodge in the basement membrane through charge—charge
interactions to serve as planted antigens for anti-DNA antibodies. Nephritogenic lupus autoantibodies may bind directly to
glomerular cells and matrix components
It is postulated that the different specificities of lupus autoantibodies from immune deposits at different locations within the
glomerulus, and that differences in the predominant antibody subtypes contributes to the diverse clinical and histologic presentations
in lupus patients

Systemic vasculitis
Patients with Wegener’s granulomatosis or microscopic polyangiitis have circulating ANCAs, but lack glomerular immune
deposits
Postulate is that ANCAs react with cytokine-primed neutrophils during conditions in which the glomerular endothelium is activated
to initiate nephritis

Membranoproliferative glomerulonephritis (primary: children)
Congenital or acquired deficiency of complement regulatory proteins leads to nephritis. This clinical observation implies that
inhibitors of complement activation (e.g., DAF) normally have a role in preventing complement activation within the glomerulus
(and that low levels of complement activation may occur in normals). Spontaneous development of autoantibodies is a prominent
feature of type I and type III MPGN

Membranoproliferative glomerulonephritis (secondary: adults)
Associated with hepatitis C, hepatitis B, and malignancy
Cryoglobulins have been detected in hepatitis variants with anti-hepatitis C Ab and hepatitis C Ag
Deposited antibodies activate complement and engage FcR

propagate an inflammatory cytokine milieu, which
often requires either Thl or Th2 responses. In
addition, components of the innate immune
system must also be dysregulated, so that APC
present autoantigen inappropriately and comple-
ment proteins escape multiple well-regulated

control mechanisms. Thus, there must be a failure
of multiple overlapping central and peripheral
regulatory mechanisms to allow for propagation
of an abnormal self-directed immune response,
before there is emergence of autoimmune kidney
disease.
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Key points

e The autoimmune response is tightly regu-
lated at multiple levels, during development
and life.

e B-cell tolerance occurs centrally in the bone
marrow, through deletion and receptor edit-
ing, and peripherally through anergy, clonal
exhaustion, and antigenic segregation.

e T-cell tolerance occurs centrally in the
thymus through deletion and peripherally
through anergy, cytokine deviation, clonal
exhaustion, and via regulatory T-cells.

e The innate immune system, consisting of
macrophages, DCs, monocytes, natural
killer T-cells, and components of the com-
plement system, provides an essential
role in maintaining tolerance.

e Toll-like receptors, key players in the
innate immunity, serve as regulators of
the adaptive immune response and main-
taining tolerance.

e DCs are key regulators of immunity with
dual roles; immature cell types are tole-
rogenic, while mature cell types activate
immunity and inflammation.

e B-cells have multiple roles as producers
of pathogenic autoantibodies and antigen
presenting cells for autoreactive T-cells.

e T-cells also have multiple roles, with
subsets that are effectors of either immu-
nity or/and inflammation, whereas others
serve as regulators of the autoimmune
response.

e Deciphering the pathways leading to
immune regulation, autoimmunity, and
inflammation, provides the rationale for
new therapeutic strategies to alter the
course of immune mediated renal diseases.
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1. Introduction

The complement system is a collection of proteins
that recognize and facilitate the removal of
pathogens and unwanted host material (Walport,
2001a, b). In addition, certain members interface
with the adaptive immune system to focus its
response (Carroll and Holers, 2005; Carroll, 2004).
Given the potency of complement activation
products when generated either appropriately or
inappropriately, the potential for inflammation and
injury of self-tissue exists. Under certain circum-
stances, deficiencies or abnormalities in regulation
of complement activation can also be relevant to
disease pathogenesis.

In the two human kidneys, there are approxi-
mately three million glomeruli (Keller et al., 2003).
To accomplish the sizable feat of creating nearly
1701 of largely protein-free ultrafiltrate daily,
glomeruli receive high blood flow under high
pressure, and contain the specialized mesangium
and highly negatively charged capillary wall
comprised of a fenestrated endothelium, collagen
IV-containing glomerular basement membrane
(GBM), and the unique visceral epithelial cell
(podocyte). These properties of the glomerulus
favor its involvement in systemic autoimmune
diseases, as well as account for the clinical findings
of a decreased filtration rate and proteinuria. This
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normal physiology can also help explain certain
disease features in the renal blood vessels and
tubulointerstitium. For instance, in glomerular
proteinuria, the response of tubular cells to plasma
proteins normally absent in the ultrafiltrate under-
lies some of the subsequent pathology (Zoja et al.,
2003).

Complement activation can contribute to syste-
mic autoimmune diseases involving these three
anatomic compartments (Quigg, 2003). Most com-
monly, the glomerulus is the primary site of
involvement, while renal blood vessels and/or the
tubulointerstitium can also be involved to a lesser
or secondary extent, with particular patterns
unique to the underlying disease process. For
example, relevant to complement and systemic
autoimmune diseases is acute allograft rejection
and tubular necrosis, in which complement activa-
tion occurs on endothelia and renal tubules,
respectively (Mauiyyedi and Colvin, 2002; Thurman
et al., 2005).

Nearly every systemic autoimmune disease and its
renal involvement is related to pathogenic anti-
bodies (Abs) generated through abnormalities in the
humoral immune system. Thus, nephritis in systemic
lupus erythematosus (SLE) is characterized by
immune complexes (ICs) bearing autoAbs directed
towards a variety of autoantigens; anti-GBM Ab
disease, anti-neutrophil cytoplasm Ab (ANCA)-
associated small vessel vasculitis (AASV), and
anti-phospholipid Ab syndrome (APS) each can be
attributed to their respective autoAbs; and, cryo-
globulinemic vasculitis and membranoproliferative
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glomerulonephritis (MPGN) occur from an aber-
rant humoral immune response towards hepatitis C.
Even Henoch—Schénlein purpura (HSP) is related to
the production and glomerular deposition of IgA
immunoglobulins.

A variety of mechanisms exist for IC deposition
in glomeruli, including passive trapping of pre-
formed circulating ICs and the formation in situ in
glomeruli, either with antigens intrinsic to the
glomerulus or extrinsic antigens that arrive ahead
of Ab. In some instances, the particular antigen
reactivities may not be as important as the
structural features of the Ab itself, such as appears
to occur in HSP in which abnormal IgA molecules
have a predilection for the mesangium (Barratt and
Fechally, 2005; van der Boog et al., 2005). In the
collection of diseases comprising post-infectious
GN, the humoral immune response is directed
appropriately to microorganisms; the resulting
deposition of ICs and glomerular inflammation
can be considered an “innocent bystander” reac-
tion. Thus, these are not truly autoimmune diseases
and will not be covered here.

Once in the glomerulus, pathophysiological
effects of ICs containing IgG, IgM, and/or IgA
can be attributed to the activation of complement
and the particular effects of individual comple-
ment mediators. In addition, their location in
specific anatomic sites within the glomerulus can
affect disease expression. For instance, ICs in the
mesangium are associated with proliferation of
mesangial cells in HSP, on the endothelium with
vessel injury and activation of coagulation path-
ways in APS, in a subendothelial location with
exudative changes in proliferative lupus nephritis,
and in a subepithelial location in lupus (and
primary) membranous nephropathy. The latter
is a non-inflammatory disease, which can be
attributed to the lack of access of inflammatory
cells to ICs and complement activation products in
this location (Salant et al., 1985). The actions of
ICs are due to complement activation and/or
interactions with Fcy receptors (R) on intrinsic
glomerular and infiltrating inflammatory cells
(Ravetch, 2002), which are often not easy to
separate as they can be intertwined in some cases.
Greater details of FcyR interactions are provided
in later chapters.

2. Complement activation

The complement system contains the alternative,
classical and lectin pathways along with regulators
poised at key points throughout. All three activa-
ting pathways converge on C3 and then CS5, after
which they are equivalent (Fig. 1). The key
difference among them concerns the initiator of
activation. Typically, the classical pathway is
activated when Clq binds to immunoglobulin in
ICs, while the lectin pathway is activated when
mannose-binding lectin (MBL) binds to terminal
carbohydrate groups on certain microbes. Both
MBL and Clq also may bind to apoptotic cells and
aid in their clearance (Nauta et al., 2004). The
activated serine esterases in each pathway (C1 s and
MBL-associated serine proteases) share the capa-
city to cleave C4 and C2, thereby generating C4b,
which covalently binds to neighboring carbohy-
drate and amino groups, and C2a, which is a serine
esterase. The alternative pathway of complement
activation relies upon hydrolysis of C3, which
can bind factor B in a Mg” " -dependent fashion.
Factor B is then cleaved by factor D to generate
the initial C3 convertase, C3(H,O)Bb. These events
are unique and powerful as they occur sponta-
neously and independently in the fluid-phase (e.g.,
factor D is unusual in being produced as an active
enzyme rather than a proenzyme). The fluid-phase
C3 convertase generates C3b, which like C4b,
binds covalently to nearby carbohydrate or amino
groups. The alternative pathway C3 convertase
can be stabilized by properdin or autoAbs. Reflec-
ting the relevance to renal pathophysiology, these
stabilizing autoAbs are referred to nephritic factors
(Daha et al., 1976).

Thus, activation through each of the three
pathways generates the structurally and function-
ally related C4bC2a and C3bBb C3 convertases. In
these, C4b and C3b effectively anchor the growing
complexes and also facilitate C3 cleavage by the
serine esterases C2a and Bb. Cleavage of C3 leads
to generation of the proinflammatory and regula-
tory fragments, C3a and C3b. The incorporation of
C3b in the C3 convertases results in the formation
of C4b2a3b of the classical and lectin pathways and
C3bBbC3b in the alternative pathway. These are
the C5 convertases, in which C2a and Bb cleave C5
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Figure 1. The complement system. Activation can occur through the classical, lectin, or alternative pathways. Proinflammatory
mediators include anaphylatoxins C3a and C5a, C3b (and its cleavage fragments), which can interact with complement receptors, and
the C5b-9 membrane attack complex (in boldface). Regulation occurs throughout the pathways by complement regulatory proteins,
which are depicted in boxes adjacent to and matched in colored type for the complement proteins that they inhibit. Factor I (fI) can
cleave and inactivate C4b and C3b by using C4-binding protein (C4bp), complement receptor 1 (CR1), membrane cofactor protein
(MCP), and factor H (fH) as co-factors. CR1-related protein y (Crry) is found exclusively in rodents. Ag, antigen; Ab, antibody; Clinh,
Cl1 inhibitor; DAF, decay-accelerating factor; MASP, MBL-associated serine protease; MBL, mannose-binding lectin.

to form the biologically active C5a and C5b
products. The generation of C5b begins the non-
enzymatic assembly of the C5b-9 membrane attack
complex which can result in cellular death or
activation following membrane insertion (Nicholson-
Weller and Halperin, 1993).

Proteins of the complement activation pathways
are all present in plasma. Although, traditional
thinking has the liver as the major source of
complement proteins, there is mounting evidence
coming from the labs of Steve Sacks and Moh Daha
that many of these proteins can be made outside the
liver including the kidney (Morgan and Gasque,
1997; Fischer et al., 1998). Induction of glomerular
cell production of C4 (Zhou et al., 1997), C3 (Sacks
et al., 1993), and factor H (van den Dobbelsteen
et al, 1994; Ren et al., 2003) by a variety of
inflammatory mediators has the potential to influ-
ence the course of glomerular diseases (Daha and
Van Kooten, 2000; Zhou et al., 2001). The tubules
of the kidney, in particular the proximal tubule, can

make functional complement proteins, most notably
C3 which can influence allograft rejection (Brown
et al., 2006; Pratt et al, 2002) and ischemia-
reperfusion injury (Farrar et al., 2006).

3. Complement regulation

Complement activation ranges from the fairly
discriminatory classical pathway, requiring specific
Ab bound to cognate antigen, to the rather
indiscriminate alternative pathway, which is con-
stantly active. As noted above, fundamental to
many systemic autoimmune diseases is the genera-
tion of autoreactive Abs. Thus, in these states the
host is at a relative disadvantage in being required
to defend against a self-directed immune response.
There are naturally occurring proteins that can
regulate complement activation from each of the
three pathways, which are relevant in this defense
from complement activation occurring in systemic
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autoimmune diseases (Nangaku, 2003). In plasma,
Cl1 esterase inhibitor prevents C2 and C4 activation
and S-protein and clusterin block C5b-9 from
forming on cell membranes. CD59 is a widely
distributed glycosylphosphatidyl inositol (GPI)-
linked membrane protein which also restricts C5b-9
formation by interfering with the addition of C9 to
the complex (Ratnoff et al., 1992; Morgan, 1992).
Undoubtedly because of the substantial biologi-
cal properties of the anaphylatoxins C3a and C5a,
the opsonic proteins derived from C3b, and the
C5b-9 membrane attack complex, their generation
through cleavage of C3 and C5 is heavily regulated.
The human proteins that provide this regulation
are the plasma proteins, factor H and C4-binding
protein, and the intrinsic cellular proteins, comple-
ment receptor 1 (CR1, CD35), decay-accelerating
factor (DAF, CDS55), and membrane cofactor
protein (MCP, CD46). These are all members of
the regulators of complement activation gene
family, with a high degree of structural and
functional relatedness (Miwa and Song, 2001;
Morgan and Harris, 1999; Hourcade et al., 1989).
Key to their activities is their affinity for C4b and
C3b, conferring upon them the ability to accelerate
the intrinsic decay of C3/C5 convertases and/or act
as a factor I cofactor for the cleavage and
inactivation (I) of C3b and C4b. While CR2
(CD21) is also a member of this family, it has
highest affinity for C3dg and does not inhibit C3
convertases. The f, integrins CR3 (/tgam, CD11b/
CD18, Mac-1) and CR4 ({tgax, CD11c/CD18) also
have binding affinity for C3b (and iC3b). Instead
of inhibiting complement, these tend to be pro-
inflammatory on blood cells which can infiltrate the
kidney (Xia et al., 1999; Tang et al., 1997).

4. Human studies of complement and
autoimmune renal disease

The ability to identify immunoglobulins and
complement activation products in diseased kidney
tissue obtained from percutaneous renal biopsies
considerably advanced our understanding of renal
pathophysiology (Coons and Kaplan, 1950; Dixon
and Wilson, 1990). Of the systemic autoimmune

diseases, those with readily identifiable complement
activation products in glomeruli are lupus nephri-
tis, cryoglobulinemic vasculitis, and HSP. In
addition, the former two are characterized by
systemic consumption of complement, leading to
depressed levels of active complement proteins
(Madaio and Harrington, 2001). In some settings,
the particular pattern of complement depression in
sera and deposition in glomeruli can be used to
deduce which pathway of complement was acti-
vated. For instance the presence of depressed
serum C3 and C4 levels, and IgG, IgM, IgA,
Clq, C4, C3, and C5b-9 in a single biopsy specimen
as in the “full-house” staining in lupus nephritis,
can be taken as evidence for IC deposition and
activation of the full classical pathway of comple-
ment (Biesecker et al., 1981; Lhotta et al., 1996).

Paradoxically, individuals with deficiencies of the
early classical pathway components Clq, Clr, Cls
and C4 actually are predisposed to develop SLE;
this is not the case from C3 on, in which infectious
complications are common (Pickering and Walport,
2000; Walport, 2001a). Interestingly, more data on
abnormalities in the lectin pathway and SLE
pathogenesis are starting to appear; for instance,
genetic variants of MBL with lower functional
activities have been associated with SLE, along with
autoAbs to Clqg (Seelen et al., 2005). It is now
appreciated that almost a third of SLE patients
have these autoAbs to Clq, which are potentially
most relevant to lupus nephritis, given their
apparent association, often as high-affinity Abs
and rising titers with disease flares, as well as their
presence in glomerular eluates from lupus nephritis
kidney specimens (Horvath et al., 2001; Trouw and
Daha, 2005).

Much of the protection against complement
activation in the kidney is provided locally by
intrinsic proteins CR1, DAF, MCP, and CD59.
Each of these proteins tend to have their distinct
localization patterns by immunohistochemical tech-
niques. MCP and CDS59 appear to be fairly
uniformly distributed in all three intrinsic glomer-
ular cells (Meri et al., 1991; Endoh et al., 1993;
Ichida et al., 1994), while DAF is highly expressed
in the juxtaglomerular apparatus (Cosio et al.,
1989) and CRI1 is strictly a podocyte protein
(Kazatchkine et al., 1982). Functional DAF is also
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on cultured human podocytes (Quigg et al., 1989),
which is relevant to studies with rodent podocyte
DAF (discussed below). In disease states charac-
terized by complement deposition in glomeruli,
MCP, DAF, and CD59 all are present in increased
intensity (Cosio et al., 1989; Endoh et al., 1993;
Tamai et al., 1991) perhaps due to an “appropriate”
protective response of glomerular cells to comple-
ment activation (Cosio et al., 1994). Interestingly,
CRI1 is considerably reduced in diseases such
as lupus nephritis and MPGN; since similar
reductions are found in diseases not considered
autoimmune, such as focal and segmental glomer-
ulosclerosis (Emancipator et al., 1983; Gelfand
et al., 1976; Moran et al., 1977; Petterson et al.,
1978; Kazatchkine et al., 1982), this may reflect
damage of the podocyte from diverse etiologies
(Pascual et al., 1994; Moll et al., 2001).

The complement system also appears relevant to
renal diseases outside of the glomerulus. In tubules,
MCP is present on the basolateral surfaces while
CD59 is present in the brush border (Ichida et al.,
1994). This relative lack of C3/C5 regulators
may be attributable to the absence of the large C3
and C5 proteins (MW ~200kDa) in the normal
glomerular ultrafiltrate. Yet, in proteinuric diseases,
particularly those in which large proteins escape
the glomerular filter (i.e., poorly selective pro-
teinuria), chronic C5b-9-mediated tubular damage
may occur (Morita et al., 2000). Nath and Hostetter
proposed several decades ago that ammonia-
generated activation of C3 and persistent alter-
native pathway complement activation in the
tubulointerstitium could lead to progressive tubular
damage in chronic renal diseases (Nath et al., 1985,
1989), a hypothesis that continues to stand the test
of time.

An extremely important exception to cell-based
complement regulatory proteins as the kidney’s
primary defense concerns factor H. Abnormalities
in this plasma complement regulator can underlie
MPGN type 11 (dense deposit disease) and atypical
hemolytic uremic syndrome (aHUS) (Saunders
and Perkins, 2006; Zipfel et al., 2006a). Both
“typical” HUS and aHUS are characterized by
acute kidney injury together with consumptive
anemia and thrombocytopenia, but are different
by aHUS not being associated with diarrheal

infections (as caused by Shiga toxin-producing
Escherichia coli) and its propensity to recur (Zipfel
et al., 2006b). A substantial proportion of aHUS
cases are attributable to defects in complement
regulation (Zipfel et al., 2006b; Bonnardeaux and
Pichette, 2003; Stuhlinger et al., 1974), including
genetic defects in factors H (Warwicker et al., 1998,
1999; Ying et al., 1999). Furthermore, aHUS is also
associated with inherited defects of factor I and
MCP, as well as inhibitory autoAbs to factor H
(Kavanagh et al., 2005; Dragon-Durey et al., 2005;
Fremeaux-Bacchi et al., 2004, 2006; Noris et al.,
2003; Richards et al., 2003). As a general rule,
MPGN type II is attributable to type I mutations in
factor H leading to its altered appearance in plasma
and the ensuing unrestricted systemic alternative
pathway activation, while aHUS is attributable
to type II mutations clustering in the terminal
short consensus repeats. These lead to impaired
ability of factor H to bind anionic sites such as
on endothelium and provide local protection against
complement activation (Rodriguez de Cordoba
et al., 2004). Overall, aHUS occurs under the right
genetic and environmental conditions, with excessive
complement activation occurring on endothelia
(Zipfel et al., 2006b). Exactly what initiates this
complement activation has been elusive.

5. Animal studies of the role of complement
in renal disease models

Studies of renal diseases modeled on animals can
have a much broader scope allowing examination
of mechanisms and manipulations that can alter
disease, the latter of which might ultimately prove
useful in a clinical setting. For instance, the use of
corticosteroids, cyclophosphamide, and mycophe-
nolate mofetil were all first applied in murine
models of lupus nephritis before their now routine
clinical use (Gelfand et al., 1972; Corna et al.,
1997). These models include spontaneously occur-
ring autoimmunity and tissue pathology in females
of the F, cross between New Zealand black
and white mice (NZB/W) and in both genders of
MRL background mice with Fas deficiency due to
the Ipr mutation (MRL/MpJ-Tnfisf6”"/"" or simply
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Table 1

Mouse models of systemic autoimmune diseases and beneficial effects of complement manipulations

Human disease Animal model Inhibitor Deficiency References
Lupus nephritis MRL/lpr, NZB/W Crry-lIg Factors B and D Bao et al. (2002a, 2003a),
(spontaneously Elliott et al. (2004),
occurring) Watanabe et al. (2000a)
anti-C5 Wang et al. (1996)
C3aRa, C5aRa CsaR Bao et al. (2005a, b),
Wenderfer et al. (2005)
Anti-GBM GN Passive anti-GBM IgG ~ Crry-Ig C3,C4 Quigg et al. (1998a),
Sheerin et al. (1997)
APS (fetal loss) Passive anti- Crry-Ig C3, C4 Holers et al. (2002),
phospholipid 1gG anti-factor B Factor B Girardi et al. (2003)
CS5aRa C5aR
AASV Passive anti-MPO IgG C3, factor B Xiao et al. (2005)
aHUS Passive anti- Crry Co6 Hughes et al. (2000),

endothelial IgG
Passive 1gG3
cryoglobulin

TSLP (spontaneously
occurring)

Cryoglobulinemic
vasculitis

Crry (negative)

Ren et al. (2002)
Trendelenburg et al.
(2005)

Muhlfeld et al. (2004)

C3, factor B

Note: Shown are systemic autoimmune diseases affecting the kidney which have been modeled in the mouse. The effects of
complement in these models has been studied with the listed inhibitors or when disease was induced in mice with targeted or natural
(C6) complement protein deficiencies. Abbreviations: a, antagonist; APS, anti-phospholipid antibody syndrome; AASV, anti-
neutrophil cytoplasmic antibody-associated systemic vasculitis; aHUS, atypical hemolytic uremic syndrome; Crry, complement
receptor l-related gene/protein y; GBM, glomerular basement membrane; GN, glomerulonephritis; MPO, myeloperoxidase; R,

receptor; TSLP, thymic stromal lymphopoeitin.

MRL/Ipr). In addition to lupus nephritis, useful
animal models for AASV, anti-GBM GN, APS,
cryoglobulinemic vasculitis, and aHUS have been
generated, which have allowed insightful studies
into pathogenesis and the role for complement
(Table 1).

Initial animal studies of the complement system
were those in which complement was massively
activated to deplete complement, such as by cobra
venom factor. These showed a role for complement
in models such as nephrotoxic serum nephritis (as a
model for anti-GBM GN) (Kurtz and Donnell,
1962; Unanue and Dixon, 1964), mesangial pro-
liferative GN (Yamamoto and Wilson, 1987),
membranous nephropathy (Salant et al., 1980),
and ICGN (Johnson et al., 1989). An elegant series
of experiments by Boyce and Holdsworth in a
rabbit model of anti-GBM GN (Boyce and
Holdsworth, 1985) showed that the complement
(and neutrophil) dependence of this model varied
with the dose of passively transferred Ab. As the
dose of Ab was raised the model was first

complement and neutrophil-dependent, then com-
plement-dependent but neutrophil-independent, and
finally, complement- and neutrophil-independent.
The latter might be attributable to direct reactivity
of Ab with podocyte antigens (Chugh et al., 2001).

The use of rat and rabbit strains with sponta-
neous deficiencies of C6 has allowed assigning a
role for C5b-9 in experimental mesangial proli-
ferative GN (Brandt et al.,, 1996), membranous
nephropathy (Groggel et al., 1983; Cybulsky et al.,
1986), and a model of HUS induced by anti-
glomerular endothelial cell antibodies (Hughes
et al., 2000). In each of these models, antibody
activation on the respective glomerular cell led to
complement activation all the way to C5b-9.
Although, this has the potential to lead to direct
cell death, mounting experimental evidence in
podocytes (Cybulsky et al., 1995; Shankland
et al., 1999), mesangial cells (Couser et al., 2001;
Nauta et al., 2002), and glomerular endothelial
cells (Hughes et al., 2000) implicates other cellular
effects induced by C5b-9 likely to be relevant to
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glomerular pathology, including production and
release of cytokines, nitric oxide, activation of
phospholipases, stimulation of DNA synthesis, and
induction of the apototic machinery. Thus, comple-
ment activation in the vicinity of ICs or directed by
Abs reactive with glomerular cell antigens can lead
to C5b-9 generation which can affect a variety of
cellular pathways.

More recently it has became possible to use
natural protein and Ab inhibitors of complement
to further dissect the role of complement in
glomerular diseases. Extremely relevant to human
disease therapy are the two protein inhibitors,
soluble (s) recombinant CR1 (Weisman et al.,
1990) and a monoclonal Ab to C5 (Wang et al.,
1995). Couser et al. utilized models of membranous
nephropathy, mesangial proliferative GN, and
ICGN, previously shown to have a complement
dependence, and showed that sCR1 was effective at
reducing measures of disease in these short-term
models (Couser et al., 1995). The availability of an
inhibitory monoclonal Ab to mouse C5 made it
possible to study chronic glomerular disease
models in the mouse, as this monoclonal Ab was
a natural mouse immunoglobulin to which an
immune response would not be directed (unlike to
cobra venom factor or to sCR1). Studies by Wang
et al. in spontaneous lupus nephritis occurring in
NZB/W mice showed that anti-C5 administration
near the onset of autoimmune disease markedly
prevented development of GN which translated
into improved survival (Wang et al., 1996).
Administration of anti-C5 Abs also significantly
reduced proteinuria and podocyte foot process
effacement in a model of lupus nephritis induced by
monoclonal anti-double stranded DNA Abs, con-
firming the effects of products of CS activation
(C5a and C5b-9) in the pathogenesis of SLE
(Ravirajan et al., 2004).

While the activating pathways in rodents and
humans are largely conserved, there are some
notable differences between the two species’ regu-
lators of complement activation cluster. These
include the presence of a gene termed Crry for
CRI-related gene y given its nucleotide similarity to
human CR1 (Paul et al., 1989). The protein product
is also known as Crry, and has widespread
reactivity throughout the body in rats and mice,

including all three glomerular cells (Quigg et al.,
1995a, b). Unfortunately, Crry has no direct human
homolog, so conclusions of human physiology are
limited from studies of Crry function (Molina,
2002). Nonetheless, it is quite clear that Crry is a
very important complement regulator, as shown by
a series of studies by Seeichi Matsuo in which Crry
function-neutralizing Abs exacerbated diseases of
the mesangium (Nishikage et al., 1995), podocyte
(Schiller et al., 1998), and tubulointerstitium
(Nomura et al., 1995). Logically, Crry and CDS59,
which act sequentially in the activating pathway,
have additive function (Quigg et al., 1995a, b;
Watanabe et al., 2000b). A fascinating series of
studies from Josh Thurman have shown that the
normal polarization of Crry to the basolateral
aspect of mouse tubules is lost in ischemia, which
leads to unrestricted alternative pathway activation
and acute kidney injury upon reperfusion (Thurman
et al., 2003, 200064, b). This appears to be relevant to
acute kidney injury (tubular necrosis) in humans
(Thurman et al., 2005).

To allow long-term studies in mouse disease
models, together with Mike Holers we created a
recombinant protein with two molecules of Crry
linked to the Fc domain of mouse IgGl1, termed
Crry-Ig. This had complement inhibitory activity
similar to native Crry and was effective in the
short-term anti-GBM GN model (Quigg et al.,
1998a). The true advantage to Crry-Ig came from
studies in MRL//lpr mice given Crry-Ig from the
onset of autoimmune disease at 12 weeks of age
until it was well advanced at 24 weeks of age.
Complement-inhibited mice were protected from
renal functional injury as manifested by albumi-
nuria and renal failure, and glomerular scarring
determined by the extent of glomerulosclerosis and
matrix accumulation in the kidney (Bao et al.,
2003a, b). Comparable results occurred in trans-
genic MRL//pr mice in which Crry was expressed
as a soluble protein both systemically and locally in
kidney (Bao et al., 2002a). These two studies in the
accurate MRL//pr model of lupus nephritis illu-
strated a clear role for products of C3 and C5
activation in this disease.

Another feature in mice that makes studies in
this species confusing concerns the CR1 and CR2
proteins. In humans, these are encoded by separate
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genes, while in mice they are alternatively spliced
products of the same Cr2 gene (Kurtz et al., 1990;
Molina et al., 1990). Thus, direct study of these
individual proteins in rodents can be problematic.
In humans, the CR1 protein in erythrocytes is key
to the processing of ICs, as it binds to C3b/iC3b-
bearing complexes and transports them to cells of
the mononuclear phagocyte system in liver and
spleen (Hebert, 1991). In contrast, factor H in
platelets serves this function in rodents (Alexander
et al., 2001). As with CR1 on human erythrocytes,
platelet factor H has three essential features—it is
on the membrane of a ubiquitous blood cell, it has
binding affinity for C3b, and, it serves as a factor
I-cofactor for the cleavage of C3b to iC3b. More
recently, we have obtained evidence for a compar-
able exchange of CRI1 for factor H in rodent
podocytes (Ren et al., 2003).

The anaphylatoxins C3a and C5a have long been
considered to play a role in leukocytic accumula-
tion occurring in various inflammatory diseases,
including GN (Wilson, 1996). The presence of their
receptors, C3aR and C5aR, on inflammatory cells,
such as neutrophils and monocytes, and alteration
of several disease models in mice in which C3aR
(Kildsgaard et al., 2000; Humbles et al., 2000) and
C5aR (Hopken et al., 1997; Bozic et al., 1996) were
deleted is further evidence for a role of these
proteins in inflammatory diseases. Interestingly,
both C3aR and C5aR are present in renal cells.
C3aR is on podocytes (Bao et al., 2005a) and C5aR
on mesangial cells (Wilmer et al., 1998; Braun and
Davis, 1998), while both have been shown to be
present on proximal tubular epithelial cells (Zahedi
et al., 2000; Fayyazi et al., 2000; Bao et al., 2005a).
The relevance of mesangial cell C5aR to conditions
in vivo is unclear while accumulating evidence links
proximal tubular epithelial cell C5aR to human
diseases (Abe et al., 2001; Lhotta et al., 2000).
Evidence for the latter also comes from a mouse
model of IC-mediated glomerular disease and
progressive tubulointerstitial damage with features
comparable to lupus nephritis (Welch et al., 2002).
In this study, C5aR deficiency did not affect
the glomerular phenotype at all, while it amelio-
rated the tubulointerstitial disease. Their con-
clusions were that C5a, generated at least in part
through local tubular complement synthesis, was

chemoattractant to inflammatory cells bearing C5aR
and also signaled tubular cell C5aR to result in
apoptotic cellular death (Farkas et al., 1998).

In MRL/Ipr mouse kidneys, C3aR and C5aR
expression was significantly up-regulated at both
the mRNA and protein levels and accompanied by
a wider cellular distribution (Bao et al., 2005a, b).
This upregulated expression started before the
onset of kidney disease, supporting the fact that
they may be involved in the development of
disease, rather than simply a consequence. Chronic
administration of a specific C3aR antagonist to
MRL/Ipr mice significantly reduced kidney disease
prolonging their survival (Bao et al., 2005a).
Similarly, when C5a signaling was blocked in our
studies with a specific antagonist (Bao et al.,
2005b), MRL/Ipr mice displayed attenuated renal
disease and prolonged viability. The effects of
blocking C3aR and C5aR in lupus mice had certain
features in common, including a reduction in renal
neutrophil and macrophage infiltration, apoptosis,
and interleukin (IL)-1f expression (Bao et al.,
2005a, b). Effects on chemokine expression were
distinct, with C3aR- and C5aR-inhibited MRL//pr
mice having reduced CCL5 (RANTES) and
CXCL2 (MIP-2) expression, respectively. C3aR-
inhibited mice also had increased phosphorylation
of protein kinase B (Akt), which we considered
suggestive that C3aR signals renal cell apoptosis
through an Akt pathway (Bao et al., 2005a).

The fetal loss that occurs following passive
administration of human anti-phospholipid Abs
into pregnant mice by Jane Salmon’s group has
provided considerable insights into the pathogenesis
of APS (Salmon and Girardi, 2004). In this model,
fetal loss can be blocked by Crry-Ig preventing C3
and C5 activation, an inhibitory Ab to factor B
preventing alternative pathway activation, and with
a specific C5aR antagonist blocking its activation
by C5a. Placental infiltration with neutrophils was
reduced in complement-inhibited animals and
depletion of neutrophils prevented fetal loss, both
providing evidence for complement-dependent neu-
trophil-mediated damage in this model (Girardi
et al., 2003; Holers et al., 2002). Interestingly, the
protective effects of heparin can also be attributed
to its complement inhibitory effects rather than its
anticoagulant actions (Girardi et al., 2004). Overall,



Pathogenesis of Renal Disease: Complement S1

these data can be interpreted to show that anti-
phospholipid Abs bind endothelial cells on which
they activate the classical pathway of complement,
thereby recruiting the potent alternative pathway.
The ultimate generation of C5a engages C5aR on
neutrophils leading to inflammation in the placenta
(Salmon and Girardi, 2004). It seems likely that at
least some aspects of this pathophysiology are
relevant to other organ systems such as the kidney.

There is no doubt that inhibiting complement at
various levels is not without its potential problems,
given the role of complement to process apoptotic
material and ICs, and to fight infectious micro-
organisms (Wessels et al., 1995; Taylor et al., 2000;
Bao et al., 2002a). A fascinating series of studies by
Steve Tomlinson has shown that targeting com-
plement inhibitors such as DAF, CD59, and Crry
using Abs to target specific cell proteins or CR2 to
target C3 activation products is a viable approach
to deliver complement inhibitors locally (Song
et al., 2003; Zhang et al., 2001, 1999). The validity
of this appealing approach came from the ability
of Ab-targeted Crry and CDS59 to limit tubular
damage in a rat glomerular proteinuria model
(He et al., 2005) and in the MRL/lpr lupus neph-
ritis model (Song et al., 2003).

6. Studies in mice with targeted deletion of
complement proteins

Of the more than 30 proteins in the complement
activation, receptor, and regulatory cascades, a
growing number have been “‘knocked-out” in mice
through the technique of homologous recombina-
tion. Combined with the use of complement
inhibitors and animals with spontaneous comple-
ment deficiencies, these strains have been illustra-
tive in our understanding of how the complement
system affects the glomerulus (Table 2). Much like
with genetic deficiencies of the homologous human
protein, only deficiencies of Clq and factor H have
led to spontaneous glomerular pathology. Other
more subtle spontaneous defects relevant to the
kidney have been observed in these mice, as will be
discussed below.

Targeted deletion of Cl¢g in mice with a mixed
129 and C57BL/6 genetic background led to

development of GN with immune deposits and
apoptotic bodies in diseased glomeruli (Botto et al.,
1998). Yet, when bred into the C57BL/6 strain, this
phenotype was lost. Clq deficiency accelerated
development of the autoimmune renal disease
normally seen as a late finding in the Fas-sufficient
MRL strain, while it did not influence lupus
nephritis in autoimmune MRL//pr mice, nor did
it bring out disease in autoimmune prone C57BL/
67" mice (Mitchell et al., 2002). Overall, these
data have been taken to suggest that the expression
of autoimmunity in Clq-deficient mice reflects the
altered processing of apoptotic material which is
strongly influenced by other still undefined back-
ground genes (Botto and Walport, 2002).

As noted earlier, knockout of the Cr2 gene leads
to CR1 and CR2 protein deficiencies (Molina et al.,
1996; Ahearn et al., 1996); therefore, any resulting
phenotype can be ascribed either to the lack of CR1
and/or CR2. In C57BL/6""""" mice, deficiencies of
C4 or CR1/CR2 led to autoimmune disease in this
susceptible strain (Einav et al., 2002; Prodeus et al.,
1998), while C4-deficient MRL/Ipr mice developed
accelerated disease features (Einav et al., 2002).
Interestingly, Cr2-knockout MRL//pr mice had
significantly lower levels of complement-activating
IgG3 autoAbs and reduced IgA glomerular deposi-
tion, although these proved to be of minor
pathological significance (Boackle et al., 2004).
Although almost certainly an oversimplification,
these data have been interpreted to indicate that
classical pathway activation on apoptotic debris,
rich in nuclear components, is necessary for their
appropriate clearance and maintenance of toler-
ance, as signaled through the B lymphocyte CR1/
CR2 (Carroll, 2000; Pickering and Walport, 2000).

The generation of homologous mouse anti-
mouse Clq Abs by the Daha group has provided
a tool to study their role in lupus nephritis. When
administered to wildtype mice, these led to glo-
merular deposition of Clq and granulocyte influx,
yet no clinical expression of renal disease such as
albuminuria (Trouw et al., 2004). However, when
mice were pre-treated with a subnephritogenic dose
of rabbit anti-GBM Abs, administration of mouse
anti-Clq Abs resulted in increased deposition of
immunoglobulins and complement as well as
marked renal damage (Trouw et al., 2004). The
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Complement proteins that have undergone gene targeted deletions in mice

Protein Spontaneous phenotype Effect of deficiency in renal disease References
models
Clq Strain dependent GN in Exacerbated anti-GBM GN Botto et al. (1998), Robson et al. (2001),
25% Mitchell et al. (2002), Mitchell et al. (1999)
C2 None No effect in one spontaneous GN Mitchell et al. (1999), Taylor et al. (1998)
model
C3 None Impaired IC clearance, Quigg et al. (1998b)
cryoglobulinemia
Protection from anti-GBM GN Sheerin et al. (1997)
No effect in lupus nephritis (see text) Sekine et al. (2001)
Protection from cryoglobulinemic GN  Trendelenburg et al. (2005)
Protection from APS-mediated fetal Holers et al. (2002)
loss
C4 1 autoAbs in C57BI/6”/%"  Impaired IC clearance Prodeus et al. (1998), Quigg et al. (1998b)
mice
Protection from anti-GBM GN Sheerin et al. (1997)
Protection from APS-mediated fetal Girardi et al. (2003)
loss
Factor B None Protection from lupus nephritis Watanabe et al. (2000a)
Protection from cryoglobulinemic GN  Trendelenburg et al. (2005)
Protection from APS-mediated fetal Girardi et al. (2003)
loss
Protection from anti-MPO GN Xiao et al. (2005)
Factor D None Protection from lupus nephritis Elliott et al. (2004)
CIINH None None reported Han et al. (2002)
Factor H MPGN Exacerbated anti-GBM GN Pickering et al. (2006), Pickering et al. (2002)
Exacerbated ICGN Alexander et al. (2006), Alexander et al. (2005)
CR1/CR2 1 autoAbs in C57B1/6”"/"" | 1gG3 autoAbs, | glomerular IgA in  Prodeus et al. (1998), Boackle et al. (2004)
mice lupus nephritis
DAF None Exacerbated anti-GBM GN Sogabe et al. (2001), Lin et al. (2002)
1 autoAbs, dermatitis, not nephritis in ~ Liu et al. (2005), Miwa et al. (2002)
SLE
MCP None None reported Inoue et al. (2003)
Crry Embryonic lethal® Exacerbated ICGN Xu et al. (2000), Mao et al. (2003)
Tubulointerstitial Bao et al. (2007)
nephritis®
CD359 None Exacerbated anti-GBM GN Holt et al. (2001), Lin et al. (2004)
Clusterin Mesangial ICGN® Exacerbated mesangial ICGN Rosenberg et al. (2002)
C3aR None None reported Kildsgaard et al. (2000)
C5aR None Protection from lupus nephritis Hopken et al. (1997), Wenderfer et al. (2005)
Protection from APS-mediated fetal Girardi et al. (2003)
loss
CR3 (CDl11b) None Protection from anti-GBM GN Tang et al. (1997)

Note: Individual complement proteins that were subject to deletion through homologous recombination are listed above. Any
spontaneous renal phenotype is provided, as well as the effect of the given protein deficiency in spontaneous or induced models of renal
disease. In addition, the effect on anti-phospholipid antibody-mediated fetal loss as a model for APS in general is also provided.
Abbreviations: Abs, antibodies; APS, anti-phospholipid antibody syndrome; C, complement; DAF, decay accelerating factor; GBM,
glomerular basement membrane; GN, glomerulonephritis; IC, immune complex; INH, inhibitor; MCP, membrane cofactor protein;

MPGN, membranoproliferative glomerulonephritis; MPO, myeloperoxidase; R, receptor.

% Animals died from 9.5-13.5 days post coitus (Xu et al., 2000); as such, no glomerular phenotype could be discerned.
® Crry™/~ €37/~ kidneys transplanted into wildtype hosts.

“In aged animals.
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application of this model to mice genetically
deficient for C4, C3, or all three FcyRs demon-
strated that anti-Clg-mediated renal damage was
dependent both on complement activation and the
contribution of FcyRs (Trouw et al., 2004).

Consistent with activation of the classical path-
way being pathogenic in models of passively
administered IgG Abs are the findings that disease
features in anti-GBM GN and APS are reduced in
C4 and C3 knockout mice (Sheerin et al., 1997;
Girardi et al., 2003; Holers et al., 2002). As noted
before, APS also appears to have an alternative
pathway dependence, which was confirmed by
studies with factor B-deficient mice (Girardi et al.,
2003). A similar dependence on factor B has been
observed in models of cryoglobulinemic GN
(Trendelenburg et al., 2005) and anti-MPO SVV
(Xiao et al., 2005). MRL/lpr mice with factor B or
factor D deficiencies were also protected from
lupus nephritis (Elliott et al., 2004; Watanabe
et al., 2000a). Overall, these results can best be
explained by the classical pathway providing
sufficient C3b to the alternative pathway to
overwhelm its normal regulation.

What is hard to reconcile with the various
hypotheses is that C3 deficiency does not affect the
development of lupus in MRL/lpr (Sekine et al.,
2001) or C57BL/6"""" mice (with or without C4
deficiency) (Einav et al., 2002). Detailed serological
studies illustrated the C3 deficiency did not affect
the autoimmunity per se. Since C3 occupies the
central portion of all three complement pathways
(Fig. 1), these studies argued that complement
activation is dispensable in glomerular pathology.
However, C3 deficiency led to an increase in
glomerular IgG deposition, reflecting IC processing
abnormalities which clearly occurs in these
C3-deficient mice (Quigg et al., 1998b; Sheerin
et al., 1999). Glomerular deposited ICs interact
with FcyRs on inflammatory cells, creating a
complement-independent, but cell-dependent dis-
ease (Clynes et al., 1998; Sylvestre et al., 1996).
Interestingly, lupus nephritis in the MRL//pr model
can also proceed independently from FcyRs
(Matsumoto et al., 2003). Considering all available
data, while lupus nephritis can proceed indepen-
dently from FcyRs, when greater quantities of
ICs are present in glomeruli, as in the case of

C3-deficient animals, interactions with FcyRs on
circulating leukocytes become more important,
which is also consistent with results observed in
the anti-GBM GN model (Clynes et al., 1998;
Rosenkranz and Mayadas, 1999; Tarzi et al., 2002).
Most likely in “‘native” lupus nephritis, a balance
of complement and FcyR interactions exist.

Consistent with studies using a specific C5aR
receptor antagonist (Bao et al., 2005b), studies by
Michael Braun with C5aR-deficient MRL//pr mice
revealed attenuated renal disease and prolonged
survival (Wenderfer et al., 2005). In these mice,
there was a reduction in CD4" T cell renal
infiltration, lower titers of anti-double stranded
DNA Abs, and inhibition of IL-12 p20 and IFN-y
production, supporting that Thl responses are
important to link C5a signaling in lupus nephritis
(Wenderfer et al., 2005).

As in humans, factor H is important to limit
spontaneous complement activation in mice. Thus,
factor H-deficient mice generated by the Pickering
and Botto group have unrestricted activation of the
alternative pathway of complement, with systemic
complement consumption (Pickering et al., 2002).
These mice developed factor B- and C5-dependent
glomerular disease with features of MPGN type II
later in life, which was fatal in some animals
(Pickering et al., 2002, 2006). Complement deposition
in the glomerular capillary wall (a feature of MPGN
type 1) preceded IC deposition (which is a feature of
MPGN type I but not type II). In an accelerated
model of anti-GBM GN using relatively low (“sub-
nephritogenic”) doses of Ab, factor H-deficient mice
had a greater extent of disease compared to controls;
similar to the spontaneous disease, this was factor
B- and C5-dependent (Pickering et al., 2002, 2006). In
a model of chronic serum sickness, C57BL/6 mice did
not develop ICGN disease features unless deficient in
factor H (Alexander et al., 2005).

In human SLE, erythrocyte levels of CRI1 are
reduced which potentially contributes to the exces-
sive accumulation of ICs in glomeruli (and other
renal and non-renal sites) (Iida et al., 1982; Ross
et al., 1985). The direct study of this phenomenon in
mice is problematic, given the rodent use of platelet
factor H as the surrogate for primate erythrocyte
CRI1 (Alexander et al., 2001). Since platelet factor
H is of intrinsic origin, we studied chronic serum
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sickness in bone marrow chimeric mice (Alexander
et al., 2006). Consistent with the role of the platelet
and its bound factor H to process ICs, mice with
platelets lacking factor H had substantially greater
amounts of complement-activating ICs in glomeruli
compared to those with intact platelet factor H; yet,
there were no phenotypic changes of GN in these
mice, as their intact plasma factor H inactivated
C3b (Alexander et al., 2006). In contrast, mice
lacking plasma factor H uniformly developed GN
even with limited glomerular deposition of ICs. In
each of these disease models, classical pathway
activating IgG Abs were present in the glomerular
capillary wall. Since this is a site protected by factor
H, disease proceeded only when factor H was
absent, again implicating the alternative pathway as
arguably the most potent mediator of Ab-depen-
dent glomerular disease.

In rodent kidneys, DAF is primarily a podocyte
and vascular endothelium protein (Lin et al., 2001;
Bao et al., 2002b). Clearly podocyte DAF is
important to restrict complement activation locally,
such as can occur in anti-GBM GN (Lin et al.,
2002, 2004; Sogabe et al., 2001) and recovery from
puromycin aminonucleoside nephrosis, in which
complement proteins are accessible to the apical
portion of podocytes (Bao et al., 2002b). Studies by
Ed Medof’s group showed that CD59 deficiency
alone had no effect on anti-GBM GN, yet worsened
disease features (albuminuria and podocyte efface-
ment) in DAF-deficient mice (Lin et al., 2004).
These results suggest that DAF limits spontaneous
and IgG-directed C3 activation on the podocyte,
while CD359 limits consequent C5b-9 mediated cell
damage. Consistent with this limited role, studies
from Wenchao Song in MRL//pr mice showed there
was no effect of DAF-deficiency on the inflamma-
tory lupus nephritis (Miwa et al., 2002).

Unlike in humans in which MCP has wide-
spread distribution throughout the body, MCP
expression in mice is limited to spermatozoa,
making its absence in knockout mice of no
consequence to renal disease models (Inoue et al.,
2003). Overall, it is likely that the rodent uses Crry
in place of MCP and/or DAF in many sites as its
complement regulator. This is not that surprising,
as Crry combines the functions of both (Kim et al.,
1995). Given its widespread distribution in glomeruli

and tubules (Quigg et al., 1995a, b; Li et al., 1993;
Thurman et al., 2006a), Crry is likely to be very
important in autoimmune renal diseases. This has
proven to be difficult to study directly, as Crry
deficiency is embryonically lethal due to unrestricted
activation of maternal complement (Xu et al., 2000).
Consistent with the previously mentioned studies
of ischemia-reperfusion (Thurman et al., 2006a),
studies by Lihua Bao and Ying Wang showed that
transplantation of Crry-deficient kidneys into wild-
type recipients led to massive complement activation
in the tubulointerstitium, and the rapid development
of scarring and failure of the kidney (Bao et al.,
2007).

In the anti-GBM GN model, a CR3-dependence
has been found (Wu et al., 1993; Tang et al., 1997).
Although CR3 is present and functional in both
neutrophils and monocyte/macrophages, the pre-
dominant cell affected in this model appears to be
the neutrophil, as early glomerular accumulation of
these cells was reduced (Lefkowith, 1997). The
conclusions regarding CR3-1C3b interactions were
limited in these studies, as CR3 has affinity for
intercellular adhesion molecule (ICAM)-1, which is
upregulated in anti-GBM GN (Mulligan et al.,
1993), and CR3 also can function to facilitate FcyR
effector functions (Krauss et al., 1994; Tang et al.,
1997) which clearly can be important in this model
(Suzuki et al., 1998). Thus, an effect of CR3
deficiency to limit glomerular injury could be
ascribed to preventing leukocyte binding to iC3b
or ICAM-1 or to impaired signaling through FcyR,
or any combination thereof.

7. The future of complement and human
systemic autoimmune diseases

Our increasing knowledge about the role of the
complement system in the pathogenesis of various
diseases has given us numerous options for the
therapeutic manipulation of the complement
system (Quigg, 2002; Holers and Thurman,
2004). Inhibiting at the level of the initiator of the
complement system will allow specific blockade of
one pathway without interfering with the functions
of the other two pathways. Intervening at the level
of C3 activation will inhibit the entire complement



Pathogenesis of Renal Disease: Complement 55

system with the possibility of high efficacy, but
with the increased risk of infections (Figueroa and
Densen, 1991). Inhibiting at the level of C5b-9 can
prevent its specific tissue damage, yet comes at a
risk of Neisserial infections (Figueroa and Densen,
1991). Additionally, receptors for the anaphyla-
toxins C3a and C5a can be blocked using small
molecule selective inhibitors (Ames et al., 2001;
Paczkowski et al., 1999). Providing normal pro-
teins to replace those that are defective such as
factor H in aHUS is a logical approach (Caprioli
et al., 2006). Finally, the ability to selectively target
complement inhibitors to sites of injury while
sparing other uninvolved regions is clearly possible
(Atkinson et al., 2005). Many of these possible
approaches have been tested in animal models of
renal disease as described here. Some are even in
routine clinical use, such as providing Cl-esterase
inhibitor concentrates in hereditary angioedema
(Kirschfink and Mollnes, 2001).

The future of how the complement system can be
manipulated in systemic autoimmune diseases
affecting the kidney is difficult to predict. There
are certain approaches that seem likely, such as
the use of recombinant Cl-esterase inhibitor as
treatment for hereditary angioedema (van Doorn
et al., 2005), and some form to replace abnormal
complement regulators when present in aHUS and
MPGN (Caprioli et al., 2006). The clinical effec-
tiveness of sSCR1 and anti-C5 Abs is slowly growing
with time (Lazar et al., 2004; Hill et al., 2005;
Hillmen et al., 2004). So far, the only renal disease
either of these has been applied to has been anti-C5
(eculizumab) in idiopathic membranous nephro-
pathy. Disappointingly, this was a negative study,
although the open label extension had promising
features (Javaid and Quigg, 2005). Unfortunately,
a multi-center phase II trial sponsored by the
United States’ National Institutes of Health using
anti-C5 in proliferative lupus nephritis, supported
by its beneficial effects in murine lupus nephritis
(Wang et al., 1996), has been abandoned. The
potential to block the alternative pathway with
anti-factor B Abs (Holers and Thurman, 2004)
and to target complement inhibitors is being
advanced by Taligen Therapeutics, which seems
to be the best hope for any of this work coming to
fruition.

In summary, there is a great deal of evidence
implicating the complement system as playing a
pathogenic role in many systemic autoimmune
diseases affecting the kidney. This includes the
circumstantial evidence of complement activation
products in glomeruli, plasma, and urine, and
more direct evidence in experimental models of
disease, principally carried out in rodents. Of the
various diseases, it seems most likely complement
is pathogenic in lupus nephritis, some or all forms
of MPGN and aHUS, as well as postinfectious
GN and membranous nephropathy. Thus far, the
translational research includes early experiments
implicating the complement system in these
diseases, the development of rationale inhibitors,
and testing of these in animal models. The end is
testing them directly in human discases.

Key points

e The complement system is an integral
part of the immune defense system,
acting at the interface between innate
and adaptive immunity.

e The complement system is like a double-
edged sword. When activated appropri-
ately, it can help to remove pathogens
and unwanted host material; on the other
hand, inappropriate activation can lead to
inflammation and injury of self-tissue.

e |nitial evidence supporting the role of
complement activation in autoimmune dis-
eases involving the kidney came from the
presence of depressed complement levels
in serum and the presence of complement
activation products in the glomeruli,
plasma, and urine. More direct evidence
has come from experimental disease mod-
els, principally carried out in rodents.

e Of the various autoimmune diseases,
complement is most likely pathogenic in
lupus nephritis, MPGN, aHUS, postinfec-
tious GN, and membranous nephropathy.

e Therapeutic manipulation of the comple-
ment system is now possible using disease-
modifying biological agents. Those with
promise in animal models are slowly mak-
ing their way to clinical testing.
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1. Introduction

Autoimmunity resulting in renal injury occurs as a
systemic disturbance of immunity with the central
feature being loss of tolerance to normal cellular
and/or extracellular proteins. In autoimmune
diseases where tissue injury includes the kidney,
some of the target autoantigens are now identified,
although the molecular characterization of the
relevant epitopes remains to be clarified. Inflam-
matory renal disease in the context of autoimmu-
nity occurs because the kidney is targeted by
effector responses. In most cases, the autoantigens
are non-renal and become renal targets because of
the physiological properties of the high flow, high-
pressure permselective filtration function of the
glomerulus. Circulating autoantigens can deposit
in glomeruli as part of circulating immune com-
plexes or become a “‘planted” target antigen by
their physico-chemical properties that predispose
to their glomerular fixation. A potentially unique
model of deposition of a non-renal antigen in the
kidney is seen in anti-neutrophil cytoplasmic
antibody (ANCA)-associated small vessel vasculi-
tis, where target autoantigens originating in
neutrophil cytoplasmic granules and expressed in
the cell membrane (including proteinase-3 [PR3]
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and myeloperoxidase [MPO]) are targeted by
ANCA. These ANCA-activated neutrophils have
altered flow characteristics resulting in their
lodging in small vessels, particularly glomeruli,
resulting in renal injury. An additional conse-
quence of this recruitment is the deposition of the
autoantigen in the target organ, which becomes
available to attract autoimmune effectors. Other
planted antigens may themselves be biologically
inert and initiate injury only as targets of auto-
immune effector responses. In this context, renal
cells are complicit in the resulting injury by
participating in the recognition of these antigens
by effector/memory T-cells by their expression of
MHC Class II and CD40 (Li et al., 1998; Ruth
et al., 2003).

The origins of autoimmune responses affecting
the kidney, involving loss of either central and or
peripheral tolerance, are examined elsewhere in
this text. CD4+ T cells play a central role in
tolerance and autoimmunity. Dendritic cells and
other leukocytes help initiate and moderate their
responses. The development of the immune system
and the initiation, amplification, mediation, and
regulation of immunity involves numerous soluble
protein products of the immune system called
cytokines. While cytokines are proteins best
known as originating in immune cells and locally
directing their organized interactions, it is now
recognized that tissue cells can both produce
cytokines and be actively involved in the organiza-
tion of immunity. Moreover, it is clear that some
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cytokines circulate and may induce their effects
at distant sites, the acute phase response being
the best characterized example of a systemic
cytokine organized response. Cytokines have
considerable promiscuity in their involvement in
both adaptive and innate immunity. They are
involved in the initiation, amplification, and
regulation of defensive and autoreactive immunity,
as well as promoting or limiting inflammatory
responses in target tissues. Furthermore there is a
degree of overlap, in that some cytokines can play
roles in both the initiation and polarization of
immune responses and more local roles in target
tissues. Understanding the complex regulatory and
amplification cytokine networks underpinning
these responses offers hope for the definition of
critical intermediaries that may be therapeutic
targets. Evidence for the merit of this concept is
provided by the successful biological immunoneu-
tralization of tumor necrosis factor (TNF) with
anti-TNF antibodies, most notably in the treat-
ment of rheumatoid arthritis (Feldmann and
Maini, 2001). The clinical success of this therapy
provides proof of concept that other effective
therapeutics may be developed from improved
knowledge of the molecular regulation of injurious
cytokine-mediated autoimmune responses. Such
therapies offer hope for effective, more targeted
biologically based therapies without the predic-
table toxicities of the older drugs that are still the
mainstays of current therapy.

The cytokine super-family comprises several
groups of molecular families which are now
regarded as separate entities, either because of
their structural commonalities or their similar
functional roles. These will be the focus of this
review and include immune cytokines, inflamma-
tory cytokines, and chemokines. A recent focus of
attention that will also be included is a largely but
not exclusively exogenous group of cell bound and
soluble proteins, predominantly microbial in
origin, that have powerful effects on defensive and
autoimmunity by acting as ligands of toll-like
receptors (TLRs).

The best recognized systemic autoimmune diseases
involving the kidney are anti-glomerular basement
membrane (GBM) antibody-associated glomerulo-
nephritis (GN), ANCA-associated vasculitis, and

systemic lupus erythematosus (SLE). These diseases
will be the focus of this review. In each of these three
diseases, the target groups of autoantigens are
known. One autoantigen is extracellular (the non-
collagenous domain of the «3 chain of type IV
collagen [¢3(IV)NC1]) in anti-GBM disease and two
are intracellular. One intracellular grouping is
cytoplasmic intragranular molecules, a large group
but with two predominant enzymes as autoanti-
gens—MPO and proteinase-3 (PR3) in the case of
small vessel vasculitis. The other intracellular group
is intranuclear (nuclear and nucleosomal) antigens in
the case of SLE. Severe or persistent inflammation
may result in renal fibrosis. While cytokines are also
relevant to the development of renal fibrosis,
consideration of their role in this process is beyond
the scope of this chapter.

2. Cytokine regulation and differentiation
of adaptive immunity

While protective immunity is activated and
regulated by cytokines, dysregulated cytokine
responses are involved in the generation, diffe-
rentiation, and effector pathways of autoimmune
responses. The central role of CD4+ T cells in
adaptive immunity is initiated by the recognition
of peptide antigens presented in the context of
major histocompatibility complex (MHC) Class
II expression by appropriately activated antigen
presenting cells (APCs). These events initiate
regulated clonal proliferation of CD4+ cells
through T cell receptors (TcRs) recognizing antigen.
Subsequent differentiation of these cells into
effector and memory cells normally facilitates
host defence by recruiting and activating innate
immune effector cells (for example, macrophages)
and directs the development of humoral immunity
that also recruits innate effectors such as comple-
ment. These effectors can eliminate infection or
wreak damage on essential organs in the context
of autoimmunity. Perhaps the best example is
found in crescentic forms of GN where functional
glomeruli can undergo irreversible damage within
1 to 2 weeks. Following antigen recognition,
CD4+ cells differentiate along at least two
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well-established pathways, Thl and Th2 (Holds-
worth et al., 1999). Recent evidence strongly
suggests the presence of a third pathway, Th17
(reviewed in Weaver et al., 2007). The factors
determining the particular differentiation path-
ways include the nature, dose, TcR affinity, and
antigenic context (for example, the presence of
danger signals and sepsis) as well as, in auto-
immunity, the competence of tolerogenic systems
(central and peripheral).

Subsets of CD4+ cells were defined by the
profile of cytokines they produce and the nature
of the response they directed (Mosmann and
Coffman, 1989). Thl cell polarization occurs if
interleukin (IL)-12 predominates in the cytokine
milieu at the time of antigen recognition. Strongly
TLR-activated APCs presenting antigen with high
TCR affinity, and expressing costimulatory mole-
cules CD80, CD8&6, and CD40, favor Thl differ-
entiation (Koch et al.,, 1996). The Thl subset
produces interferon-y (IFN-y), IL-2, and TNF,
and expresses chemokine receptors CXCR3,
CCRI1, and CCRS5. Thl cells recruit and activate
macrophages that effect injury, this response being
termed delayed type hypersensitivity (DTH). Thl
cells provide help to B cells, directing (in mice)
switching to the complement fixing and opsonising
IgG subclasses 1gG1, IgG2a, and IgG3. It has been
suggested that so-called “organ specific”” autoim-
mune diseases in man, such as Type I diabetes
mellitus and multiple sclerosis, are predominantly
Thl polarized, though recent data, predominantly
in animals, implicate the emerging Th17 subset as
a potential culprit.

Th2 polarization is strongly influenced by IL-4
and low antigen/TcR affinity as well as TcR
independent dose effects (Grakoui et al., 1999).
Expression of the costimulatory molecules OX40
and ICOS by APCs favors Th2 polarization
(Jankovic et al., 2001). Th2 cells produce IL-4,
IL-5, IL-10 (in mice), and IL-13, directing non-
complement fixing immunoglobulin subclasses and
IgE. They are important in directing allergic
responses. Th2 cell production of IL-4 and IL-10
inhibits Th1 differentiation, while IFN-y and IL-12
from Th1 cells inhibit Th2 differentiation.

Thl cells are induced by dual antigen triggered
TcR and cytokine gene signaling (IFN I & II and

IL-27) through signal transducer and activation
of transcription (STAT)-1 (Hibbert et al., 2003).
T-bet is upregulated which inhibits Th2 signaling
pathways and causes the expression of the
inducible IL-12Rf2 chain (Mullen et al., 2001),
IL-12 signaling through STAT-4 leads to produc-
tion of IL-18 and IFN-y. Th2 differentiation is
signaled by the IL-4 receptor inducing STAT-6
that induces GATA-3 (Zheng and Flavell, 1997)
the master regulator of Th2 differentiation, which
suppresses signaling of Thl pathways and directs
the expression of the genes encoding the Th2
cytokines IL-4, IL-5, and IL-13.

Recent evidence confirms a third pathway of
CD4 differentiation, Th17 (Weaver et al., 2007),
that seems to be relevant to organ-specific auto-
immune disease. The discovery of this subset came
from advances in the biology of the IL-12 family.
IL-12 is a heterodimer composed of an IL-12p40
and an IL-12p35 chain. Studies in IL-12p40—/— and
IFN-y—/— mice in organ-specific autoimmunity,
including experimental autoimmune encepha-
lomyelitis and autoimmune anti-GBM GN (Kitching
et al., 2004a), showed a pathogenetic role for
IL-12p40, but either no role or a protective role
for IFN-y. This paradox may be explained by the
cloning of IL-23, another heterodimer composed
of the IL-12p40 chain and the IL-23p19 chain.
Studies using IL-23 suggest a role for this cytokine
in the development and/or maintenance of Thl7
cells (Tato and O’Shea, 2006), characterized by the
production of IL-17. They may have evolved to
enhance host immunity to specific extracellular
pathogens, e.g. Klebsiella pneumonia (Happel et al.,
2005). IL-17 is involved in autoimmune injury
(Lubberts et al., 2001) and Th17 cells may perform
some of the effector functions previously attrib-
uted to Thl cells. Unlike Thl cells, Th17 cells do
not express high levels of IFN-y. The differentia-
tion of these cells occurs under the direction of
TGF-p and IL-6 (Bettelli et al., 2006; Weaver
et al., 2007). Recent publications are reciprocally
linking the Th17 subset with regulatory T cells,
important in the development of peripheral
tolerance. Gene profiling shows that Thl cells
preferentially express genes associated with cyto-
toxicity (IFN-y, granzyme B) while Th17 cells
express genes associated with chronic inflammation
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(IL-17, IL-6, and TNF) as well as proinflamma-
tory chemokines (Langrish et al., 2005). The
potential role of Th17 CD4+ cells or IL-17 itself
in renal inflammation, and in particular auto-
immune responses, is yet to be defined.

The polarization of T cell subsets is relevant to
autoimmune renal disease. It is now recognized
that a major determinant of injury and outcome
results from the strength and direction of the
nephritogenic CD4+ responses (reviewed in
Holdsworth et al., 1999). Accumulating evidence
from human observations and experimental mod-
els supports the view that strong Thl polarized
responses to nephritogenic antigens, defined by the
associated antigen-specific immunoglobulin iso-
types, cytokines produced by CD4+ antigen
responding cells, and the pattern of effectors in
nephritic glomeruli, induce proliferative/crescentic
forms of GN. In this setting, (human) IgG1 and
IgG3 predominate systemically and are found in
affected kidneys, together with CD4 cells produ-
cing IFN-y, DTH effector T cells, macrophages,
and fibrin. Membranous GN (idiopathic or
secondary to SLE) is the best example of a form
of GN associated with Th2 polarized immunity.
Glomerular DTH effectors are absent and the Th2
associated subclass I1gG4 is present in affected
glomeruli.

Several autoimmune diseases associated with
glomerular injury have well accepted and char-
acterized experimental animal models. The most
widely studied are models of SLE, where strains of
mice spontaneously developing immune complex
disease and nephritis have been identified. The best
studied of these are MRL/Ipr and NZB/W mice.
Experimental mercuric chloride induced GN also
involves the production of multiple autoantibo-
dies, Th2 responses, and renal lesions akin to
human membranous GN. Human anti-GBM GN
has stimulated the development of relevant mod-
els. These include experimental anti-GBM GN
(nephrotoxic nephritis) and autoimmune anti-
GBM GN (experimental autoimmune glomerulo-
nephritis). Although in much earlier stages of
development and characterization, models of
injury resulting from or amplified by immunity to
MPO (Heeringa et al., 1996; Xiao et al., 2002;
Little et al., 2005; Ruth et al., 2006) and PR3

(Pfister et al., 2004) are becoming available and
have confirmed the capacity of immunity to MPO
to induce crescentic GN.

Manipulation of experimental models by cyto-
kine gene deletion, the administration of indivi-
dual cytokines, or their specific neutralization in
these in vivo animal models, has helped define the
roles of cytokines in GN. Cytokines play key roles
in systemic autoimmune disease, affecting the
kidney at the level of the generation and regulation
of systemic nephritogenic immunity and in the
effector responses injuring glomeruli. Analyses of
the role of Thl and Th2 polarized systemic
nephritogenic immunity suggests that severe pro-
liferative crescentic GN results from Th1 polarized
responses, while milder, more slowly progressing
forms of GN arise in the context of Th2 polarized
nephritogenic immunity (Holdsworth et al., 1999).
In general, cytokine manipulation aimed at selec-
tively affecting the Thl response may offer
therapeutic benefits. A key challenge will be
defining the potential role of Thl7 cells and
dissecting the relative roles of Thl, Th2, and
Th17 cells in future studies of autoimmune GN in
the context of rapidly evolving understanding of
how Th cell subsets direct loss of tolerance and the
resultant patterns of injury in autoimmune disease.

3. Cytokine regulation of renal
inflammation in specific autoimmune
diseases and their animal models

3.1. Human autoimmune anti-GBM GN

This uncommon but devastating disease usually
presents with severe destructive crescentic glomer-
ulonephritis due to autoimmunity to «3(IV)NCI
(Hudson et al., 2003). Because the disease is rare,
there are few studies enabling comprehensive
understanding of the cytokine regulation of the
systemic autoimmune response, the cytokines
present in the affected organs, or the cytokine
profile associated with the injurious effector
responses. Immunohistological studies show dis-
ease is characterized by the accumulation of macro-
phages, fibrin deposition, and T cells, characteristic
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effectors of Thl polarized immunity (Holdsworth
et al., 1999). IFN-y production by antigen-stimu-
lated T cells ex vivo during disease activity and
IL-10 production in remission implicate Thl
responses in active disease (Cairns et al., 2003;
Salama et al., 2003).

3.2. Lessons from experimental
anti-GBM GN

The most widely studied model of this disease is
nephrotoxic nephritis or experimental anti-GBM
GN, induced by injecting foreign (heterologous)
polyclonal anti-GBM antibodies. It is a robust
model that has been established in different
species, commonly resulting in crescentic GN. A
similar pattern of injury occurs in man, with
crescentic GN and linear antibody GBM staining.
Human antibodies eluted from kidneys of patients
with anti-GBM GN induce similar injury when
administered to primates (Lerner et al., 1967).
However, nephrotoxic nephritis is not a true
autoimmune disease. In most reports, crescentic
GN results from the host animal’s immune
response to the heterologous antibody, which
becomes a planted antigen. Nonetheless, this
model has enabled studies of the cytokine regula-
tion of the systemic and local effector nephrito-
genic immune responses that are relevant to
human anti-GBM GN and other autoimmune
diseases that cause crescentic GN. Autoimmunity
to GBM components can be induced in susceptible
mouse strains (Kalluri et al., 1997) and especially
WKY rats (Reynolds et al., 2002).

To determine the effects of Thl or Th2
predominance on anti-GBM GN, disease was
compared between the more Thl prone C57BL/6
mouse strain and the more Th2 prone BALB/c
strain (Huang et al., 1997a, b). C57BL/6 mice
developed Thl predominant systemic responses to
the nephritogenic antigen, with glomerular cres-
cent formation and DTH effectors in glomeruli.
The lesion was dependent on effector CD4+
cells (Huang et al., 1997b; Li et al., 1997), but
not autologous antibody (Li et al., 1997) and
could be ameliorated by antibody neutralization

or genetic deletion of IL-12p40 or IFN-y
(Huang et al., 1997b; Kitching et al., 1999a, b,
2005; Timoshanko et al., 2001, 2002). Crescentic
disease, and Thl responses, could be accelerated
by IL-12 administration, or deletion of IL-4 or IL-
10 (Kitching et al., 1998, 2000b), but not IL-13
(Kitching et al., 2004b). Further evidence support-
ing Thl and Th2 cytokine manipulation in a
therapeutic context was provided by administra-
tion of Th2 polarizing IL-4 and/or the Thl
attenuating cytokine IL-10 to Thl prone mice at
the time of, or after induction of anti-GBM GN.
These cytokines attenuate crescentic GN and
diminish Thl nephritogenic immune responses
(Kitching et al., 1997; Tipping et al., 1997; Cook
et al., 1999). In contrast, BALB/c mice developed
Th2 predominant systemic immune responses to
the nephritogenic antigens and the resulting GN
was complement-dependent, but not effector
CD4 + cell dependent and showed less severe renal
injury with modest accumulation of DTH effectors
in the kidney (Huang et al., 1997a, b). While I1L-12
administration could establish Thl responses and
crescentic GN, IL-4 deletion did not result in a
default to a Thl crescentic lesion (Kitching et al.,
1999b).

Renal injury is also directed by inflammatory
cytokines produced in the kidney induced by
recognition of the nephritogenic antigen by CD4
effectors. MHC class II and co-stimulatory mole-
cule-dependent interactions between intrinsic renal
cells and infiltrating cells are necessary for severe
disease (Li et al., 1998; Ruth et al., 2003). The
influence of intrinsic renal cell derived IL-12p40
(Timoshanko et al., 2001), IFN-y (Timoshanko
et al., 2002), and TNF (Timoshanko et al., 2003) in
experimental crescentic GN has also been demon-
strated. In anti-GBM GN, a number of inflam-
matory cytokines are required for the development
of severe renal injury, including TNF, IL-1, and
macrophage inhibitory factor (MIF) (Tomosugi
et al., 1989; Lan et al., 1993, 1997; Karkar et al.,
2001; Khan et al., 2005).

IL-18 is a pro-inflammatory cytokine which was
originally described as a potent inducer of IFN-y,
but also has broader proinflammatory roles and is
expressed in glomeruli in experimental anti-GBM
GN (Kitching et al., 2005). Administration of
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IL-18 enhanced immune responses and glomerular
injury in murine anti-GBM GN and was able
to partially restore injury, independent of
IFN-y when given to IL-12p40—/— mice (Kitching
et al., 2000a). IL-18—/— mice exhibited decreased
injury, associated with reduced leukocyte infiltra-
tion and chemokine expression (Kitching et al.,
2005).

TGEF-p, although best known for its injurious
profibrotic role in renal scarring, also has the
potential to attenuate acute glomerular inflammation
(Zhou et al., 2003). In addition to IL-4 and IL-10,
a number of other cytokines have anti-inflammatory
potential. IL-11 is one such cytokine. Therapeutic
IL-11 administration in anti-GBM GN attenuated
inflammation (Lai et al., 2001), in part due to
suppression of NF-kb (Lai et al., 2005). While IL-6
is generally regarded as being pro-inflammatory,
infusion of IL-6 into rats developing anti-GBM
GN had anti-proliferative effects (Karkar et al.,
1997). Leptin deficient mice were protected from
crescentic anti-GBM antibody induced injury
suggesting a pro-inflammatory role for this cytokine
(Tarzi et al., 2004).

In addition to its effects on antigen presentation
and T cells, IL-10 is known for its anti-inflamma-
tory effects and has been shown to attenuate
inflammatory glomerular injury in a macrophage-
dependent passive transfer model of anti-GBM
GN in which it reduced macrophage influx and
injury (Huang et al., 2000). IL-15 is another
traditionally pro-inflammatory cytokine that when
deleted in mice which were then subjected to anti-
GBM GN, was associated with more severe injury
suggesting a normal immuno-regulatory role
(Shinozaki et al., 2002).

The cytokine induction of inflammatory injury
in nephritic glomeruli requires a series of inter-
actions between infiltrating effector leukocytes and
intrinsic glomerular cells. Studies of anti-GBM
GN in cytokine chimeric mice has allowed dissec-
tion of these interactions. These chimeric mice,
created by bone marrow irradiation and donor
marrow reconstitution, represent mice with a
particular cytokine expressed either exclusively
by bone marrow cells or by peripheral non-marrow
derived intrinsic renal cells. These studies demon-
strate a leukocyte/intrinsic renal cell effector

cytokine network with injury resulting from
sequential cytokine interactions. IFN-y production
by intrinsic renal cells (Timoshanko et al., 2002)
directs infiltrating leukocyte production of IL-1
(Timoshanko et al., 2004). This cytokine engages
the IL-1R on intrinsic renal cells (Timoshanko
et al., 2004) that stimulates renal cell derived TNF
(Timoshanko et al., 2003). TNF appears to be the
final step in the injurious effector response. It is of
note that it is renal not leukocyte-derived TNF
that induces injury (Timoshanko et al., 2003). This
is consistent with reports demonstrating the
capacity of intrinsic renal cells to produce TNF
in vivo and in vitro (Neale et al., 1995). TNF is
also a major effector of injury in experimental
autoimmune anti-GBM GN (Huugen et al., 2005;
Little et al., 20006).

4. ANCA-associated autoimmune vasculitis

Evidence from human studies suggests a promi-
nent role for cytokines in the immunopathogenesis
of this form of vasculitis. These diseases are
characterized by systemic inflammation which has
been shown to be associated with elevated serum
levels of TNF (Arimura et al., 1993). In experi-
mental models induced by passive transfer of
ANCA, including both anti-PR3 (Pfister et al.,
2004) and anti-MPO (Huugen et al., 2005; Little
et al., 2006), TNF enhances neutrophil margina-
tion to endothelia and augments injury. The
mechanisms involved are likely to include TNF-
induced endothelial activation, subsequent aug-
mentation of adhesion molecule expression and
cytokine production, facilitating ANCA binding
to neutrophils, by inducing MPO and PR3
translocation from cytoplasmic granules to the
cell surface (Falk et al., 1990).

Patients with active disease have peripheral
blood mononuclear cells (PBMCs) with high IL-12
and IFN-y production and low IL-4 and IL-10
production (Ludviksson et al., 1998; Masutani
et al., 2003). In remission, the IFN-y:IL-4 ratio
falls (Masutani et al., 2003) and cytokine profiles
show a predominant IL-10 production in response
to PR3 (Popa et al., 2002). Other studies have
confirmed the Thl predominant cytokine profile of
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circulating leukocytes (Csernok et al., 1999).
Studies of diseased tissue, both kidney (Masutani
et al., 2003) and upper airway (Komocsi et al.,
2002), demonstrate Thl-dependent immune and
inflammatory cytokines. The Thl associated cyto-
kine IL-18 has also recently been described in
glomeruli of patients with acute disease (Hewins
et al., 2006). 1L-18 acts like TNF to prime neutro-
phils via p38 mitogen-activated protein (MAP)
kinase to release reactive oxygen species. These
findings confirm Thl polarization and IFN-y
predominance in the progress of ANCA-associated
vasculitis. This, together with the prominence of
Th1 effectors of DTH (T-cells, macrophages and
fibrin) in the glomeruli of most patients with
ANCA-associated crescent GN (Cunningham et al.,
1999), suggests that this disease is driven systemi-
cally and locally at sites of injury by Thl effectors,
and is mediated by their cytokines. The shift to
IL-10 in remission is also suggestive of a role for
Th2 cytokines in maintaining remission by its role
in peripheral tolerance (Abdulahad et al., 2000).
The capacity of IL-10, at least in vitro, to attenuate
vasculitis patients’ leukocyte IFNy/IL-12 production
suggests a possible therapeutic role in active
disease (Ludviksson et al., 1998).

5. Lupus nephritis
5.1. Observations in human lupus nephritis

A spectrum of histological features characterizes
lupus nephritis. Similarly, patterns of cytokines in
the blood, made by PBMCs, expressed in diseased
kidneys and measured in the urine show hetero-
genous profiles. Further complicating concepts
surrounding the pathogenesis of renal injury in
SLE are paradoxical reports from animal models
and humans that implicate IL-10 (traditionally
considered an anti-inflammatory cytokine) in
induction of autoimmunity and TNF, a prototypic
pro-inflammatory cytokine, in protection from
disease induction. It is possible that these cyto-
kines (especially TNF) may play differential roles
in the induction of autoimmunity and in effector
responses. Alternately, SLE may represent a

spectrum of a number of diseases with, at times,
similar development of autoantibodies.

In general, in more severe proliferative WHO
Class IV lupus nephritis, Thl patterns of cytokines
(IL-18, IL-12, and IFN-y, with low IL-4) are found
in PBMCs and in renal tissues from patients
(Masutani et al., 2001; Uhm et al., 2003; Calvani
et al., 2004), and are associated with DTH
effectors in the kidney. These features are asso-
ciated with pro-inflammatory cytokine expression,
including TNF, shown to be up-regulated in these
kidneys (Aringer and Smolen, 2005). In membra-
nous lupus nephritis, expression of IL-4 and IL-10
without IFN-y in glomeruli has been reported
(Uhm et al., 2003; Kawasaki et al., 2004). This,
together with lack of leukocyte infiltration and
proliferation, and the presence of the Th2 asso-
ciated subclass 1gG4 (Haas, 1994), suggests Th2
predominant autoimmunity. Thus, membranous
lupus nephritis appears to be similar to idiopathic
membranous where the association between Th2
immunoglobulin isotypes is also found (Haas,
1994). IL-4 has been found in Class II and IV
lupus nephritis by immunohistochemistry (Okada
et al., 1994), and by mRNA analysis in the context
of oligoclonal T cells (Murata et al., 2002), with
IL-4 mRNA expression inversely correlating with
glomerular injury (Furusu et al., 1997). IL-10 has
also been detected in kidneys of patients with lupus
nephritis; IFN-y/IL-10 ratios were elevated in
active class IV disease but low in non-proliferative
lupus nephritis (Uhm et al., 2003).

TNF is a prominent participant in lupus
nephritis. Raised serum levels of TNF correlate
with disease activity (Studnicka-Benke et al., 1996).
In lupus kidneys, TNF participation and renal cell
expression of TNF receptors has been confirmed
(Schlondorff, 1996). Immunolocalization of TNF
has been shown on infiltrating mononuclear leuko-
cytes (Herreraesparza et al., 1998), but also on
mesangial cells (Malide et al., 1995) and glomerular
epithelial cells in WHO class V lupus nephritis
(Neale et al., 1995). TNF participation has been
demonstrated in all classes of lupus nephritis but it
correlates most strongly with activity rather than
histological class (Aringer and Smolen, 2005). IL-6,
IL-1, IFN-y, and IL-18 have also been demon-
strated in human lupus nephritis. IL-6 and IL-1 are
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most closely associated with infiltrating mono-
nuclear cells, although IL-1 could also be demon-
strated in association with epithelial and mesangial
cells (Fukatsu et al., 1991; Takemura et al., 1994).
In proliferative lupus nephritis, IL-18 is expressed
in glomeruli, and IL-18R expressing DCs infiltrate
glomeruli (Tucci et al., 2005).

5.2. Role of cytokines in experimental
models of SLE

A number of inbred mouse strains has been
developed that spontaneously develop autoimmu-
nity to a variety of nuclear antigens, including anti-
dsDNA antibodies, and severe lupus-like GN.
Evidence for a significant role in autoimmune
nephritis has been provided for several proinflam-
matory cytokines. Blockade of TNF attenuates
disease (Segal et al., 2001). Administration of IL-6
augments and accelerates disease (Finck et al.,
1994), while immunoneutralization of IL-6 attenu-
ates disease (Kiberd, 1993; Finck et al., 1994).
IL-18 inhibition (by cDNA vaccination) attenuates
(Bossu et al., 2003), while IL-18 injection increases
disease (Esfandiari et al., 2001). IFN-y is a potential
therapeutic target, as evidenced by augmentation
of disease by its administration and attenuation
of disease observed by its neutralization (Jacob
et al., 1987) or genetic deletion (Balomenos et al.,
1998; Schwarting et al., 1998). IL-1 administration
augments disease (Brennan et al., 1989), but
IL-1RA did not alter established disease (Kiberd
and Stadnyk, 1995). CSF-1 and MIF are both likely
to play an adverse role in the outcome of autoimmune
GN as deletion of either cytokine in MRL/Ipr mice
protected them from renal inflammatory injury
(Lenda et al., 2004; Hoi et al., 2006).

Amongst the “immune” cytokines, IL-12 is a
potential therapeutic target. Exogenous IL-12
accelerates disease (Huang et al., 1996) while
genetic deletion attenuates autoimmunity and renal
injury (Kikawada et al., 2003). BlyS (also known as
BAFF) is a cytokine member of the TNF family
that stimulates and improves survival of B cells.
Over-expression of BlyS induces a lupus like
syndrome (Mackay et al., 1999), while treatment
of lupus mice with a fusion protein that binds BlyS

attenuates diseases (Gross et al., 2000). The
demonstration of enhanced levels of IL-4 and IL-10
(Vasoo and Hughes, 2005) has led many to suggest
SLE is a Th2-dependent disease, with auto-
antibody driven immune complex formation. In
MRL/lpr mice genetic deletion of IL-4 reduces
disease (Peng et al., 1997). However, other
experimental observations suggest IL-4 may act
as an immunomodulator (Theofilopoulos and
Lawson, 1999) and an inverse correlation between
renal IL-4 mRNA and disease activity has been
reported (Furusu et al., 1997). Type I interferons
may be immunomodulatory as their administra-
tion to MRL/lpr mice attenuated nephritis
(Schwarting et al., 2005). However, other human
and experimental studies suggest that Type I
interferons may be harmful. Patients treated with
IFN-uo can develop autoimmune disease, including
SLE (Ioannou and Isenberg, 2000), but Type I
IFN receptor deficient lupus prone mice are
variably protected (Santiago-Raber et al., 2003;
Hron and Peng, 2004).

6. Targeting cytokines in human
autoimmune GN

A number of anti-cytokine therapies have been or
are being trialled in human autoimmune renal
disease. In human lupus, an open label Phase 1
study of anti-IL-6 therapy in active SLE is underway
(Tackey et al., 2004). Six months therapy with
an anti-IL-10 neutralizing antibody has shown
reduction in indices of activity (Mex-SLEDAI
scores) and reduction in prednisolone dose (Llorente
et al., 2000). A study of the efficacy of humanized
monoclonal anti-BLyS antibody in SLE showed
decreased circulating B cells but no clinical or
serological changes (Stohl, 2004; Vasoo and
Hughes, 2005). While lupus nephritis is a disease
where inhibition of TNF would also seem worthy
of consideration, a significant side effect of anti-TNF
therapy in rheumatoid arthritis is the development
of anti-nuclear antibodies, raising potential risks in
a disease characterized by the presence of these
autoantibodies. One open label study has been
performed involving six patients (four with
nephritis) with refractory SLE (Aringer et al.,
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2004). Treatment for 6 months reduced protei-
nuria and lupus activity, despite transient
elevations in anti-DNA antibodies. Given studies
in experimental crescentic glomerulonephritis,
including models of ANCA-associated glomerulo-
nephritis (Huugen et al., 2005; Little et al., 20006),
showing a pathogenetic role for TNF, anti-TNF
therapies have been trialled in human ANCA-
associated vasculitis. One study in Wegener’s
granulomatosis suggested a soluble TNF receptor
compared with conventional therapy produced
greater adverse effects without increased efficacy
(The Wegener’s Granulomatosis Etanercept Trial
(WGET) Research Group, 2005). The other, a
smaller study in renal predominant ANCA-asso-
ciated GN used anti-TNF antibody and showed
low toxicity and evidence of clinical efficacy
(Booth et al., 2004).

7. Chemokines in autoimmune renal
disease

Chemokines comprise a large family of at least 23
cytokine-like molecules sharing common chemical
structures and involvement in leukocyte migration
and activation. They play an important role in
immune development, T cell activation and
differentiation, leukocyte homeostasis, and host
immune responses. Four broad families are
recognized according to structural similarities
principally based on the disposition of their
cysteine residues. Different groups have broad
similarities in function, particularly the leukocyte
sub-populations with which they interact. How-
ever, promiscuity of chemokine receptor affinity
(with 12 known receptors) is a feature confirming
considerable functional overlap.

In inflammation, chemokines play critical roles in
the molecular regulation of leukocyte emigration
from the circulation. The sequential engagement of
receptors between leukocyte and endothelium is
dependent on chemokine-mediated activation and
sequential expression of ligands, culminating in firm
adhesion, diapedesis, and movement down a che-
motactic gradient. Within the kidney, while leuko-
cyte recruitment to the interstitial compartment is
likely to involve the usual post-capillary venular

processes, the glomerulus is a specialized capillary
bed, where usual paradigms of leukocyte accumula-
tion seem not to apply (Kuligowski et al., 2000).
However, the prominence of leukocytes in glomeruli
in the most severe forms of GN clearly indicates that
leukocyte recruitment occurs. In vitro culture
studies show most renal cells, including endothelial
cells, mesangial cells, epithelial cells, interstitial cells,
and tubular cells, can produce a range of chemo-
kines in response to immune inflammatory stimuli
(Panzer et al., 2006). Renal inflammation clearly
involves chemokine regulation of leukocyte partici-
pation (reviewed in Anders et al., 2004c; Panzer
et al., 2006). Immunohistochemical studies demon-
strate the presence of chemokines in human
autoimmune renal disease. In animal models,
chemokines are significant participants and their
manipulation has both confirmed their role in
directing leukocyte-mediated renal disease and
suggested that they may be therapeutic targets.

A number of studies have documented chemo-
kine expression in human autoimmune renal
disease. MCP-1/CCL2 and its receptor CCR2,
MIP-12/CCL3, MIP-15/CCL4, and RANTES/
CCLS are expressed in glomeruli and the tubu-
lointerstitium of humans with anti-GBM GN,
lupus nephritis, and ANCA-associated vasculitis
(Cockwell et al., 1998; Wada et al., 1999; Segerer
et al., 2000; Liu et al., 2003). Chemokine expres-
sion was particularly prominent in severe lesions
and in anti-GBM GN (Cockwell et al., 1998; Liu
et al.,, 2003). CCRS5 has been detected in the
interstitium (Segerer et al., 1999, 2000; Wada et al.,
1999) and, at least in one study, in glomeruli
(Wada et al., 1999). IL-8/CXCLS8 is relevant to
ANCA-associated GN, both by virtue of its
potential effects on neutrophils and by its presence
in glomeruli of affected patients (Cockwell et al.,
1999). Flow chamber studies using human ANCA
and neutrophils reveal a potential role for CXCR2
in neutrophil transmigration (Calderwood et al.,
2005). Fractalkine is present in ANCA-associated
renal disease, with mRNA concentrated at sites of
significant injury (Chakravorty et al., 2002).

While a number of chemokines and their
receptors are potential therapeutic targets, arguably
the most convincing data exists for MCP-1/CCL2
and its receptor, CCR2. This work has been derived
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from studies of rodent models of monocyte/macro-
phage associated glomerular injury. A variety of
approaches have confirmed the importance of this
chemokine/chemokine receptor pair in the patho-
genesis of macrophage recruitment and injury,
including immunoneutralization in murine anti-
GBM GN (Lloyd et al., 1997), studies using
CCL2—/— (Tesch et al., 1999) or CCR2—/—
(Perez de Lema et al., 2005) MRL/Ipr mice, and
studies using truncated CCL2 (Hasegawa ect al.,
2003) or virally derived antagonists (Chen et al.,
1998). Other chemokines and their receptors have
also been targeted, confirming their functional roles
in experimental models (predominantly in experi-
mental anti-GBM GN, but also in murine lupus
nephritis). These include neutralization/antagonism
of MIP-1¢/CCL3 (Wu et al., 1997), MIP-2/CXCL1
(Feng et al., 1995), MDC/CCL22 (Garcia et al.,
2003), fractalkine/CX3CLI (Feng et al., 1999), and
RANTES (Lloyd et al., 1997).

However, some studies using chemokine or
chemokine receptor gene deletion showed worsen-
ing of renal diseases. Experimental anti-GBM GN
is significantly worse in CCR1 (Topham et al.,
1999) or CCR2 (Bird et al., 2000) deficient mice.
There seems to be the potential for reduced
expression or function of at least some chemo-
kines/chemokine receptors to result in altered
regulatory or homeostatic immune or non-immune
effects that counteract or override any therapeutic
benefit. For example, while CXCR3 and its
ligands, due to their effects on effector CD4+
cells, may be attractive targets, they may play
a role in maintaining podocyte function and
integrity (Han et al., 2003).

8. Soluble microbial products

It is generally accepted that infections are asso-
ciated with the initiation and exacerbation of
autoimmune renal disease. Many experimental
immune models of renal injury require the
administration of microbial products to induce
inflammation. These products also exacerbate
established glomerular inflammation. The effects
of microbial products are mediated through
toll-like receptors (TLRs) that are expressed on

leukocytes and resident tissue cells (Anders et al.,
2004a). At least 11 different TLRs have so far been
recognized and a large number of ligands have been
defined. In general, these are microbial products
with highly conserved pathogen-associated molecular
patterns (PAMPs). TLRs thus recognize infectious
agents and demonstrate that the innate immune
system is “hard wired” to recognize and respond
to microbial invasion (Germain, 2004). PAMPs, as
well as being commonly expressed by many
different microorganisms have molecular signatures
quite different from mammalian cellular constitution
so that under normal circumstances they also
signal “non-self”.

TLRs are likely to play a role in the induction of
autoimmunity. Antigen uptake by APCs/DCs in
the absence of inflammation (and therefore APC/
DC activation and licensing) is often insufficient to
induce costimulatory molecule expression to fully
activate CD4 + cells. Such presentation can induce
anergy and maintain peripheral tolerance to self
antigens. In contrast, APCs that have responded
to infection-induced TLR-mediated stimulation
exhibit enhanced costimulatory molecule and
MHC class II expression, which induces strong
CD4+ cell proliferation, activation, and differ-
entiation. Thus, TLRs not only facilitate recogni-
tion of microbial invasion by the innate immune
system, but also signal ““‘danger” to the adaptive
immune system and thus recruit strong cognate
responses. TLR ligation of innate leukocytes
recruited by CD4 + cells greatly enhances inflam-
mation induced by adaptive CD4+ effector
responses. TLRs are likely to mediate the effects
of infection on the enhancement and induction
of autoimmune renal inflammation. They help
explain the mechanism of adjuvants, which are
a key requirement in many experimental models
to induce injury. These long used (but not widely
discussed) technical maneuvers were described
as ‘“‘the immunologists, dirty little secret” by
Charles Janeway, pioneer in defining the role of
TLRs (Germain, 2004). Microbial products are
likely to enhance immune injury and lower the
threshold for immune stimuli to induce nephrito-
genic immunity and effector cell-mediated injury.
PAMP/TLR interactions are likely to favor loss of
tolerance and autoimmunity. Studies in animal
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models of renal inflammation have, in general,
confirmed expectations that TLR ligand binding
would enhance injury. This occurs both by
augmentation of systemic nephritogenic adaptive
immunity and by enhancing innate effector cell-
mediated renal inflammation. Given the potential
complexity of PAMP/TLR interactions, involving
many microbial products and a number of TLRs,
it is not surprising that different expression profiles
of inflammation have been observed with different
patterns of disease outcome.

A role for TLRs in autoimmunity, including
renal disease, has been suggested by studies in
lupus prone mice, that develop autoantibodies to
DNA and RNA. Several TLRs have RNA or
DNA components as their ligands, including
virally derived ligands or potentially endogenous
DNA. It is relevant that patients with SLE have
increased levels of hypomethylated self-DNA, a
potential TLRY ligand (Richardson et al., 1990). A
role for TLR7 has been demonstrated by the
acceleration of disease in MRL/Ipr mice injected
repeatedly with a TLR7 ligand, which bound to
infiltrating macrophages and DCs (Pawar et al.,
2006). Exogenous TLR3 ligand (polyl:C RNA)
given to the same strain also worsened disease
(Patole et al., 2005), but TLR3 deficient lupus
prone mice did not develop reduced autoantibo-
dies or glomerular injury (Christensen et al., 2005).
The role of TLRY9 remains controversial, with
variable results from studies of its relevance.
Exogenous CpG DNA (TLRY ligand) bound to
leukocytes and increased autoantibodies and
crescentic GN in MRL/Ipr mice (Anders et al.,
2004b), while inhibition of TLRY via the admini-
stration of synthetic G rich DNA effectively
reduced autoantibodies and renal disease (Patole
et al., 2005). However, studies in TLR9—/— lupus
prone mice have shown variable reduction in some
autoantibodies, but paradoxical elevation in
others, with either little alteration in disease or
enhanced nephritis (Christensen et al., 2005;
Lartigue et al., 2006; Yu et al., 2006).

Studies in experimental anti-GBM GN support
a role for TLRs in immune renal injury. TLR2
binds a number of bacterial cell membrane and
soluble ligands. TLR2 on both leukocytes and
resident tissue cells plays a pathogenetic role in

experimental anti-GBM GN (Brown et al., 2000).
Fu et al. (2006) explored the effects of multiple
TLRs and their ligands (TLR2/peptidoglycan,
TLR3/polyl:C, TLR4/LPS, TLR5/flagellin) in mice
with anti-GBM antibody initiated disease. All of
these ligands augmented disease although the
TLRO9 ligand CpG showed no capacity to enhance
this disease. The relevance of these studies becomes
more cogent when it is recognized that a variety of
normal mammalian proteins can act as ligands of
TLRs, including heat shock proteins/TLR4 (Ohashi
et al., 2000), products of necrotic cells/TLR2 (Li et al.,
2001) and in the kidney, Tamm-Horsfall proteins/
TLR4 (Saemann et al., 2005). Whether these (and
other yet to be discovered TLR ligands) play
roles in autoimmune renal disease awaits further
studies.

Key points

e Pathological renal inflammation is orga-
nized by several families of small mole-
cules including cytokines, chemokines,
and TLR ligands. Inhibition of their actions
offers new therapeutic opportunities.

e Cytokines have diverse and sometimes
pleotrophic effects at multiple stages of
the autoimmune response, from loss of
tolerance through determination of T-cell
subset polarization to mediating effector
responses.

e Cytokine/anti-cytokine therapies are being
used in autoimmune diseases and may
prove to be therapeutic in autoimmune
diseases affecting the kidney.

e Chemokine and their receptors, particularly
CCL2 (MCP-1)/CCR2 are important in
leukocyte mediated experimental (and
probably human) renal autoimmunity.
Neutralizing/antagonizing chemokines have
therapeutic potential, but redundancy
and adverse effects may limit these
approaches.

e TLRs bind endogenous and exogenous
small molecular ligands that activate
leukocytes and enhance injurious autoim-
mune responses resulting in renal injury.
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1. Introduction

Renal disease has a wide spectrum of histological
patterns and clinical outcomes, indicating that a
variety of immunopathogenic mechanisms of
injury are involved. Not all renal inflammatory
processes lead to end-stage renal failure but those
that do are characterized by progressive renal
fibrosis. Over the last two decades it has become
apparent that all types of renal injury are
associated with migration of immunologically
competent cells into the affected area (Kluth
et al., 2004; Erwig et al, 2003; Tipping and
Kitching, 2005). Macrophages and T-cells are the
most extensively studied but there is increasing
evidence that other cells of the innate and the
acquired immune system are intricately involved in
renal inflammation. This review focuses on recent
advances in understanding of these immunocom-
petent cells and their role in experimental models
of nephritis and human disease. It is beyond the
scope of this review to include resident renal cells,
which nonetheless play an important role in
creating the microenvironment that determines
subsequent function of the infiltrating cells
(reviewed in Tipping and Timoshanko, 2005;
Gomez-Guerrero et al., 2005).

It would be intuitive to discuss the individual
cell types involved in renal inflammation sepa-
rately but, despite their distinctiveness, we felt that
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the common underlying principles that govern
their activation, subsequent function, and conse-
quences for renal injury are best illustrated when
discussed collectively.

2. Overview of immune inflammation

Knowledge about cell-mediated immune responses
is expanding at a bewildering rate. Established
paradigms such as the separation of Thl and Th2
responses are no longer adequate to explain T-cell-
mediated inflammation. Two themes dominate
recent advances in understanding immune-
mediated inflammation: the ever more intimate
links between the innate and adaptive immune
systems; and the dual pro- and anti-inflammatory
roles of the myeloid cells and lymphocytes that
comprise the innate and adaptive immune system
respectively.

Despite the wealth of new information it
remains clear that antigen is presented to T-cells
by antigen presenting cells. This is done most
effectively by dendritic cells (DCs) but also by
macrophages, B-cells, and mast cells and probably
by other cell types as well. The new insight is that
depending on the context even (or especially) DCs
can induce either T helper responses or immune
tolerance. Similarly, T-cells can be activated to
become helper (Th) cells or regulatory (Treg) cells
depending on the cytokine environment or the
co-stimulating molecules engaged.

The T-cells in turn activate macrophages
and here again the traditional separation into
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classically activated (histotoxic) and alternatively
activated (reparative or pro-fibrotic) macrophages
has proved inadequate. It is now clear that
macrophages have the ability to develop many
different properties, but as yet there are few data
about the molecular cues responsible.

3. Activation

The inflammatory response to injury should be
viewed as an effort designed to restore normal
function with as little residual tissue damage as
possible. This requires activation of the infiltrating
cells of the immune system to adopt functions
appropriate for the injury encountered.

Classical macrophage activation was first
described in the 1960s in studies by North and
Mackaness (Hamilton, 2002; North and Mackaness,
1973). It requires priming by IFN-y together with a
second activating signal such as a microbial
product ligating Toll-like receptors (LPS, CpG),
or a pro-inflammatory cytokine (IL-1, TNF-a).
Classically activated macrophages kill and degrade
bacteria by production of toxic oxygen species and
nitric oxide (NO). They express high levels of
MHC class II, co-stimulatory molecules (e.g.,
CD86) and cytokines (e.g., IL-12) that support
Thl-driven immune responses (Wilson et al.,
2005). Th1l and Th2 cells are the classical subsets
of primed CD4+ T helper cells that can be
distinguished functionally by their cytokine profile
and their ability to generate different types of
immune effector responses. More recently Thl7
cells have been described which are generated in
the presence of IL-6 combined with TGF-f and
secrete IL-17 abundantly. These Th17 cells play an
essential role in injury in some rodent models of
autoimmune disease, such as EAE and collagen-
induced arthritis but have yet to be investigated in
renal injury.

Th1 cells produce IFN-y, IL-2, and TNF-« and
are therefore directly linked with classical macro-
phage activation but also activate B-cells to
produce complement fixing antibodies that med-
iate opsonization and phagocytosis. Th2 cells
produce IL-4, IL-5, and IL-13 that promote
production of non-complement fixing IgG isotypes

and IgE. This links Th2 cells with the more
recently described alternatively activated macro-
phages (Gordon, 2003) (induced by IL-4, IL-13,
and glucocorticoids). These macrophages are not
cytotoxic but are primarily involved in tissue
repair, and provoke increased deposition of extra-
cellular matrix (Gordon, 2003). Their character-
istics are increased expression of mannose receptor
together with other scavenger receptors, galactose-
like receptors, and the IL-1 receptor antagonist.
Alternatively activated mouse macrophages
express increased arginase and the transcription
factors FIZZ1 and Ym1 (Raes et al., 2002). They
deal poorly with intracellular pathogens because
of their inability to produce nitrogen radicals.
Another more recently described macrophage
activation state, the so-called Type II activation,
develops after exposure to LPS or CD40 ligand in
cells primed by the presence of IgG immune
complexes (Mosser, 2003). These cells are anti-
inflammatory because of enhanced IL-10 and
decreased IL-12 production (Wilson et al., 2005;
Mosser, 2003). IL-10 was viewed as a cytokine that
merely de-activates macrophages but more recent
data suggest that it activates expression of sets of
genes that control resolution of inflammation, matrix
synthesis, and tissue remodeling (Mantovani et al.,
2004; Williams et al., 2004). Furthermore, I1L-10 is
essential for the generation, and one of the main
products, of regulatory CD4+ CD25+ Treg cells
and appears to be more active in inhibiting Thl
differentiation than promoting Th2 responses
(Constant and Bottomly, 1997). Treg cells develop
when T-cells are activated in the presence of
TGF-p, IL-10, or possibly IL-9. Again Treg are
heterogeneous with two broad categories that have
been identified: “‘natural Tregs” that appear to
suppress T-cell responses non-specifically and
antigen specific Treg cells that are the product of
specific immune responses. The exact relationship
between these two types of Treg cells has not been
elucidated and it is highly likely that studies
to clarify the issue will also reveal additional types
of Treg cells. DCs play a dominant role in activa-
tion of naive T-cells and various subsets have been
identified with a bias toward stimulating T-cells
to either produce IFN-y or IL-4, -5, and -10,
respectively, in vitro (Moser and Murphy, 2000).
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Thus, over the last decade an increasing number
of activation states for cells of the innate and
acquired immune system have been described
with a remarkable symmetry for the distinct cell
lincages. However, much remains to be learned
about the different activation states of immune-
competent cells in vitro and vivo. A few basic
principles are beginning to emerge: (i) activation
requires a priming stimulus to confer specificity
(such as IFN-y, FcR ligation, or ingestion of a
dying cell) followed by an amplification stimulus,
most commonly TLR ligation; (ii) activation
occurs early either during localization or shortly
thereafter and renders cells at least temporarily
unresponsive to other activation signals; and
(ii1) as outlined above, specific activation of
one of the cell types involved is likely to bias the
activation of others leading to an injury specific
response.

Systems biology will be at the heart of future
approaches to understanding complex systems
with “emergent properties” (properties that can-
not be predicted even with full understanding of
the parts alone) (reviewed in Aderem, 2005).
Macrophage or T-cell activation and even more
so the immune response to injury are such systems.
Reductionist approaches will not be sufficient and
genuine understanding will only be achievable
using high-throughput approaches (microarray,
proteomics, etc.) combined with advanced bioin-
formatics and subsequent visualization programs.
The results of comprehensive gene and protein
expression studies are just beginning to emerge
(Williams et al., 2004; Ravasi et al., 2002) but
already they illustrate the limitations of the
traditional nomenclature for macrophage activa-
tion (Wilson et al., 2005).

4. Regulation of immune cell activation

Immune cell activation is regulated at multiple
levels: (i) outside the cell, through the release
of inhibitors and decoy receptors into the micro-
environment (Mantovani et al., 2001); (ii) at the
cell surface, where a large number of pattern
recognition receptors including Toll-like receptors,

scavenger receptors, complement receptors, C-type
lectin receptors, and integrins, recognize conserved
motifs on pathogens that are not found on higher
eukaryotes. Cytokine receptors are important for
innate immune cell activation and the differen-
tiation of T-cells, together with co-stimulatory
receptors that enhance or inhibit the adaptive
immune response; (iii) inside the cell, a vast
number of signaling pathways regulate immune
cell activation. They can be separated into signal-
ing modules such as IFN-y or Toll-like receptor
signaling. Many of these modules are engaged
simultaneously on immune cell activation and
the cross talk and integration of information
required for an appropriate immune response is
astonishing.

A robust immune response requires feedback
loops to prevent unrestrained and damaging
immune cell activation. These include negative
regulators of intracellular signaling, such as
inhibitory Smads and SOCS proteins that inhibit
cytokine signaling (Gomez-Guerrero, 2004
Takahashi et al., 2005). Paired activating and
inhibitory receptors have been described (i.e., Fc
receptor signaling) where the inhibitory receptor
possesses an ITIM motif in the intracellular
portion instead of the ITAM motif found on
activating receptors. The interaction of two
opposing receptors will set a threshold for
stimulation and the ratio of activating to inhibi-
tory receptor will modulate immune cell activa-
tion. Increasing numbers of non-paired inhibitory
receptors been described which include CD200,
SIRP-z, and MSP/RON (Wright et al., 2000;
Gardai et al., 2003; Wang et al., 2002).

4.1. Manipulation of immune cell activation
by tumors

Manipulation of immune-competent cells to
induce properties that contribute to inhibition
of inflammation is becoming the “Holy Grail” of
immunological research and not unattainable
because tumors and microorganisms have already
evolved to achieve this goal. Hematopoetic cells
are recruited to most tumors, and tumor-associated
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macrophages (TAMs) can constitute a large por-
tion of tumor mass (Pollard. 2004). A high density
of TAMSs correlates with poor prognosis (Bingle
et al., 2002). Macrophage depleted mice homo-
zygous for a null mutation in the CSF-1 gene
showed a markedly reduced rate of tumor progres-
sion and ablation of metastasis formation in a
mouse model of breast cancer (Lin et al., 2001).
Tumor macrophages have a rather immature
phenotype characterized by low expression of
carboxypeptidase M and CD51 and low produc-
tion of TNF-a. They have a markedly reduced
ability to present tumor-associated antigens to
T-cells and to stimulate the proliferation of T-cells
and natural killer cells. Moreover, Mantovani et al.
(2006) proposed that exposure to IL-4 in tumors
induces TAMs to develop into alternatively acti-
vated macrophages that promote angiogenesis and
growth factor production supporting stromal
invasion. The ability of tumors to subvert macro-
phage function and subsequent T-cell and NK-cell
activation provides a clear precedent to altering
immune cell activation to control inflammation
and favor angiogenesis and resolution of tissue
injury.

5. Immune cells and clinical renal disease

Renal macrophages were first identified using
electron microscopy in biopsies from patients
with severe proliferative glomerulonephritis (GN,
Churg, 1973) and these observations were
extended by Atkins and colleagues using glomer-
ular culture (Nikolic-Paterson et al., 1997). It is
now apparent that macrophage infiltration is a
hallmark feature of all types of acute injury and
chronic progressive renal disease. This is true for
primarily inflammatory diseases such as GN and
renal transplant rejection, as well as for diseases
with secondary inflammation such as ureteric
obstruction, and also for diseases such as diabetes
in which an inflammatory component has only
been recently appreciated (Schreiner, 1991; Furuta
et al., 1993). Careful quantitative studies in each
of these settings have correlated the number of
infiltrating macrophages with the severity of

the disecase and they have been used to assess
prognosis. Indeed, Hill et al. (2001) showed that
estimating macrophage numbers was the best
prognostic marker in follow-up biopsies of
patients treated for lupus nephritis.

CD4+ T-cells are invariably present in crescen-
tic nephritis even in uncommon causes of crescents
such as membranous GN (Arrizabalaga et al.,
1998). In ANCA-associated GN, T-cells and
macrophages are present in glomerular lesions
(Cunningham et al., 1999) and biopsies show high
IFN-y and low IL-4 glomerular mRNA expression
indicating a Thl and classical macrophage activa-
tion dominant effector response (Masutani et al.,
2003). These macrophages express high levels of
MHC class II and TNF-o whereas less than 30%
of macrophages in cryoglobulinaemic nephritis
express these proteins. Peripheral blood T-cells in
ANCA-associated GN showed a high IFN:IL-4
ratio compared to non-proliferative GN and IgA
disease (Masutani et al., 2003). Wegeners granu-
lomatosis patients in remission demonstrate a
persistent expansion of Th2 effector memory
T-cells with a concomitant decrease of naive
CD4+ T-cells in their peripheral blood which
may contribute to the frequent relapses in this
disease (Abdulahad et al., 2006).

Goodpasture’s disecase provides the clearest
example yet of the evolution of autoimmune
responses to a renal antigen: the NC1 domain of
the o3 chain of Type IV collagen (23(IV)NCI).
Rees and colleagues mapped the o3(IV)NCI
epitopes recognized by patients’ T-cells and
showed that they resulted in a Thl response in
the acute phase of the disease but this evolved into
IL-10 dominated Tr cell responses over time even
in the absence of immunosuppressive therapy
(Cairns et al., 2003) This is consistent with findings
in Goodpasture’s disease where a population of
regulatory CD25+ T-cells appear in the peripheral
blood approximately 3 months after the acute
presentation and may play a critical role in
preventing relapses, which are rare in this condi-
tion in comparison to other human autoimmune
diseases (Salama et al., 2003).

Not surprisingly human lupus nephritis displays
heterogeneity of Thl and Th2 responses, given the
diverse underlying glomerular lesions ranging
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from severe crescentic disease to the less prolif-
erative membranous GN, to minimal or no
glomerular changes. Overall the data support the
hypothesis that severe proliferative GN results
from a Thl-predominant response with increased
renal CD3+ cells and macrophages accompanied
by Thl cytokines IL-2 and IFN-y in the urine
(Chan et al., 2003), whereas less severe disease is
associated with cytokines and IgG subclasses in
keeping with a Th2 immune response (Masutani
et al.,, 2001). B-cell depletion in patients with
refractory nephritis using Rituximab, a mono-
clonal anti-CD20 antibody, is a promising new
treatment alternative. Interestingly, the published
data show that, following B-cell depletion, remis-
sion of lupus nephritis is associated with a decrease
in helper T-cell activation (Sfikakis et al., 2005)
and, in another study, increased numbers of
CD4+ regulatory cells (Treg, Th3, Trl) but not
CD8+ cells (Vigna-Perez et al., 2006). This
suggests an additional role for B-cells, independent
of autoantibody production in promoting disease.

Non-proliferative forms of GN, such as mem-
branous GN and minimal change nephropathy,
are associated with an incomplete Th2 response,
with lack of a substantial leukocytic infiltrate and/
or deposition of IgG4 in glomeruli (Imai et al.,
1997, Doi et al., 1984). In IgA nephropathy
MCP-1 expression was associated with more
severe disease and a number of studies have
corelated urinary MCP-1 levels with severity of
injury (Eardley et al., 2006). Furthermore, the
presence of 79/0 T-cells in renal biopsies is
associated with progressive renal deterioration
possibly due to a marked production of TGF-f
by these cells and associated IgA subclass switch-
ing in B-cells (Falk et al., 1995; Toyabe et al.,
2001). Kooten and colleagues show that DCs of
IgA patients have an impaired capacity to induce
IgA production in naive B-cells (Eijgenraam et al.,
2005). Thus, severe disease appears to be asso-
ciated with a Thl-predominant response whereas
the onset of the disease may be related to a Th2
predominant environment that promotes dysregu-
lated IgA production.

It is important to keep in mind that immune
cell activation in nephritis is critically dependent
on location. Interstitial but not glomerular

macrophages express the chemokine receptor
CCRS5 in both proliferative GN (Segerer et al.,
1999) and transplant rejection (Segerer et al., 2001)
whereas macrophages in both locations express the
fractalkine receptor (CX3CR1) (Segerer et al.,
2002). Similarly, glomerular macrophages in renal
biopsies from patients with severe nephritis have
abundant myeloid related protein (MRP)-8 and
MRP-14 complexes that are associated with
inflammatory macrophages, whereas interstitial
macrophages show lower levels (Frosch et al.,
2004). In Wegener’s granulomatosis, increased
levels of IL-4 and CCR3 expression were reported
in nasal tissue, suggesting Th2 bias, whereas both
IL-2 and CCR5+ (Thl) and IL-4 and CCR2+
cells (Th2) were present in renal tissue with no Th2
bias (Balding et al., 2001).

Although fragmentary, these data already
demonstrate the heterogeneity of immune cells in
renal biopsies, and provide compelling evidence
that immune cell activation and function vary
depending on the type of injury.

6. Immune cells in experimental models
of nephritis

Initial depletion studies in nephrotoxic nephritis
(NTN) in rabbits using an anti-macrophage anti-
body reduced the severity of inflammation, while
induction of leucopenia by nitrogen mustard
protected from development of disease which
could be reconstituted by injection of peritoneal
macrophages (Holdsworth et al., 1981; Holdsworth
and Neale, 1984). More recent studies in which
leukopenia was induced by cyclophosphamide
showed that disecase could be reconstituted by
injection of either bone-marrow derived macro-
phages or a macrophage cell line (Ikezumi et al.,
2003b). Stimulation of macrophages with IFN-y
prior to injection increased the severity of protei-
nuria (Ikezumi et al., 2003a), while inhibiting the
JNK signaling pathway before adoptive transfer
reduced proteinuria and cell proliferation, showing
that the state of macrophage activation is critical
in determining outcome (Ikezumi et al., 2004).
Administration of clodronate liposomes selectively
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kills macrophages and has been used to deplete
macrophages in rodent models. This approach
attenuates inflammatory injury in NTN in WKY
rats (Isome et al., 2004), and renal transplant
rejection in rats (Jose et al., 2003). Macrophage
depletion by the same method also reduces
mesangial matrix expansion but not proteinuria
in Thy 1.1 nephritis (Westerhuis et al., 2000).
Conditional ablation of macrophages in transgenic
mice by minute injections of diphtheria toxin
reduced the number of glomerular crescents,
improved renal function, and reduced proteinuria
in established NTN and this was associated with a
reduced number of CD4 positive T-cells in the
kidney (Duffield et al., 2005b).

Mice with genetic deficiency of mast cells exhibit
increased mortality in NTN compared to wildtype
littermates. The mast cell-deficient mice showed
thick subendothelial deposits enriched in fibrin
and collagen, expanded glomerular matrix, a
marked increase in glomerular macrophages and
a small but significant rise in CD4+ T-cells
(Kanamaru et al., 2006). Thus, mast cells have
protective properties in immune complex-mediated
GN, most likely through their ability to secrete
proteases that prevent fibrin and collagen deposi-
tion. Mast cells are best known as primary
responders in allergic reactions such as asthma
and anaphylaxis, but recent data establish that
they are functionally diverse and can function as
immunoregulatory cells that influence both innate
and adaptive immunity. This is beautifully illu-
strated by the work of Noelle and colleagues,
which shows their essential role in regulatory
T-cell allograft tolerance (Lu et al., 20006).

7. Immune cell function in nephritis

Appropriately activated macrophages produce
a wide range of potentially cytotoxic products
including proteolytic enzymes, reactive oxygen,
and nitrogen species, eicosanoids, pro-inflammatory
cytokines and chemokines. Macrophages isolated
from nephritic glomeruli in rats and rabbits
generate reactive oxygen species (Cook et al.,
1989; Boyce et al., 1989; Cattell et al., 1990) and

similarly nephritic glomeruli from rats produce
large amounts of NO. In both NTN and
Heymann’s nephritis macrophages are the princi-
pal source of NO (Cattell et al., 1991). It remains
unclear, however, whether NO itself causes glo-
merular injury as inhibition experiments have
produced conflicting results (Waddington et al.,
1996; Ogawa et al., 2002; Dulffield et al., 2000).

Direct evidence that renal macrophages can
attenuate injury and facilitate repair has been
difficult to obtain, but the increasing amount of
data from other tissues such as lung and skin
(Teder et al., 2002; Nagaoka et al., 2000), provides
a compelling reason to believe they do. In vitro
studies show the vast range of reparative proper-
ties of macrophages including secretion of anti-
inflammatory cytokines, matrix repair proteins
and angiogenic factors, and their ability to
phagocytose apoptotic cells, immune complexes
and fibrin. Likewise, infusing anti-inflammatory
cytokines, including 1L-4, IL-6, IL-10, and TGF-§
reduces injury without a change in the number of
renal macrophages (Kluth et al., 2004). More
recently, a study in liver injury by Duffield et al.
(2005a) verifies that functionally distinct subpopu-
lations of macrophages exist in the same tissue,
favoring ECM accumulation during ongoing
injury but enhancing matrix degradation during
recovery, highlighting their role in both injury
and recovery phases of inflammatory scarring.
Nishida et al. (2001) have shown that infiltrating
macrophages in the kidney may play a beneficial
anti-fibrotic role that, surprisingly, requires the
action of angiotensin II.

A population of CDI11C+ DCs has been
described in normal mouse kidney and cell
numbers are upregulated in the tubulointerstitium
but not within glomeruli in NTN (Kruger et al.,
2004). Nelson and colleagues have shown that
within the renal parenchyma, there exists little
immunological privilege from the surveillance
provided by renal CX3CR1+ DCs, a major con-
stituent of the heterogeneous mononuclear phago-
cyte system populating normal kidney (Soos et al.,
2006). Activation of multiple TLRs has been
shown to aggravate the immune complex GN
induced by apoferritin as well as the lupus like GN
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in MRLIpr/lpr mice (Anders et al., 2004; Pawar
et al., 2000). In both disease models aggravation
was associated with enhanced autoantibody pro-
duction and intrarenal activation of antigen
presenting cells, which secreted increased amounts
of IFN-«, IL-12p70, and CCL2.

T-cell function in experimental nephritis is
influenced by multiple stimuli including cytokines,
co-stimulatory molecules, and inhibitors of signal-
ing pathways. Genetic deletion or blocking of Thl
cytokines with inhibitory antibodies attenuates
T-cell and macrophage accumulation and crescen-
tic injury. Administration of IL-12 augments Thl
responses and crescentic GN. Interleukin-18
(which contributes to Thl responses and is pro-
duced by macrophages and DCs) augmented
cutancous DTH responses and exacerbated cres-
centic GN (Kitching et al., 2000), and inhibition
of IL-18 reduced lymphoproliferation, IFN-y
production, and improved survival in murine
lupus (Bossu et al., 2003).

Studies in murine NTN, in which co-stimulatory
molecules were inhibited by antibody or geneti-
cally deficient, showed augmentation of injury
in CD86 deficiency and reduction of crescent
formation in CDS80 deficiency. CD28 deficiency in
mice or administration of CTLA4-Ig ameliorated
murine NTN without an observable Thl/Th2
shift (Li et al., 2000). Numerous signaling and
transcription factors have been implicated in
T-cell activation in experimental nephritis, these
include members of almost all relevant cytokine
signaling pathways. These can influence Th1/Th2
differentiation, for example activation of STAT
signaling can promote Thl responses through
STAT!1 and the transcription factor T-bet (Singh
et al., 2003) or promote Th2 responses following
activation of STAT6 and GATA-3 by IL-4 (Yoh
et al., 2003).

8. Characterization of immune cells within
inflamed glomeruli

The characterization of immune cells within
inflamed tissue at a single cell level is lacking due
to a relative paucity of markers that clearly

delineate different states of activation, although
this is being addressed by gene chip analysis of
macrophage expression under specific conditions
(Ragno et al., 2001).

Macrophages both respond to and produce pro-
inflammatory cytokines within foci of renal
inflammation, and a recent series of studies has
attempted to dissect their relative contributions.
Using bone marrow chimeras in knockout mice,
Tipping and colleagues have shown that TNF-«
and IL-12 production during NTN in mice is
mainly dependent on intrinsic renal cells rather
than infiltrating leukocytes (Timoshanko et al.,
2001, 2003), while IFN-y production requires
contributions from both (Timoshanko et al.,
2002), with macrophage production potentially
as significant as the T-cell contribution (Carvalho-
Pinto et al., 2002).

Work by Erwig and colleagues has shown
that potent activating signals, such as IFN-y
and TNF-o, commit macrophages to distinct
sets of properties in vitro, and commitment to
one set of properties is accompanied by unrespon-
siveness to other activating stimuli (Erwig et al.,
1998). Macrophages infiltrating acutely inflamed
glomeruli of rats with NTN behave as though
activated by IFN-y (Erwig et al.,, 2000), and
maintain these characteristics during the acute
phase of injury despite systemic administration
of alternatively activating cytokines such as IL-4
(Erwig et al., 2000; Robertson et al., 2002).
Subsequent observations in anti-Thyl.l nephritis
have shown: first, that macrophage localization
itself does not induce specific activation states;
second, that all macrophages infiltrating an
appropriate environment become specifically acti-
vated shortly after localization; and third, macro-
phages infiltrating glomeruli at the same time can
be activated in different ways (Minto et al., 2003).
These observations raise questions about the
factors that induce macrophage activation at early
stages of the inflammatory disease and its con-
sequences for the outcome of the inflammatory
process. It provides an important mechanistic
insight into how macrophage functional develop-
ment is influenced by the underlying disease
process.
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8.1. Immune cell fate during progressive
inflammation

Macrophages contain high levels of lysosomal
proteases and rapidly degrade internalized proteins,
while DCs and B lymphocytes are protease-poor,
resulting in a limited capacity for lysosomal
degradation (Delamarre et al., 2005; Erwig et al.,
2006). Consistent with these findings, DCs in vivo
emigrate from inflamed tissue and retain antigen in
lymphoid organs for extended periods, which
favors antigen presentation (Delamarre et al.,
2005). The fate of macrophages that proliferate
within or enter a focus of renal inflammation
remains less clear. The two possibilities are death
within the glomerulus or interstitium or emigration
to regional lymph nodes. Widespread macrophage
apoptosis is rarely seen within inflamed kidney but
professional and non-professional phagocytes
rapidly remove dying cells and it is therefore, to
date, impossible to define the degree of local cell
death. Macrophage migration to regional lymph
nodes has been demonstrated in rats with NTN
(Lan et al., 1993). Furthermore, in a mouse model
of resolving peritonitis, fluorescently labeled macro-
phages could be tracked to draining lymph nodes
and emigrated with a half-life of 48h (Bellingan
et al., 1996). This process has recently been shown
to be actively mediated and partially dependent on
VLA-4 and -5 (Bellingan et al., 2002). In our own
studies where we have injected labeled adenoviral
transduced macrophages into rats with NTN these
cells disappear from inflamed glomeruli again with
a half-life of approximately 48 h (Kluth et al., 2000;
Kluth et al., 2001). These data imply that macro-
phages and DCs continually traffic through a site of
inflammation where they sense injury and instruct
the subsequent immune response.

9. Immune modulation of renal
inflammatory disease

Tumors and microorganisms have evolved ways to
manipulate macrophage function to protect them
from immune attack while simultaneously enhan-
cing their growth (Rosenberger and Finlay, 2003;

Bingle et al., 2002). An important challenge for
nephrologists is to develop equally effective
strategies for manipulating macrophage function
therapeutically. Three experimental strategies have
been used to achieve this: modulation of cytokine
activity systemically; modifying macrophage acti-
vation ex vivo before re-infusion; and genetic
manipulation of macrophages. Numerous agents
have been administered systemically to modulate
renal inflammation, including antibodies and other
antagonists of IL-1 and TNF-a, anti-inflammatory
cytokines such as IL-4, 1L-6, IL-10, and IL-11
(reviewed in Kluth et al., 2004). An alternative
approach is manipulating intracellular signaling
pathways such as the transcription factor NF-xB
(Lopez-Franco et al., 2002) or PPAR-y (Haraguchi
et al., 2003).

Infusion of macrophages genetically modified by
transducing them with adenovirus expressing 1L-4
(Kluth et al., 2001), IL-10 (Wilson et al., 2002)
or IL-1RA (Yokoo et al., 1999) into rats with
NTN, or IL-1RA into mice with unilateral ureteric
obstruction (Yamagishi et al., 2001), reduces
macrophage infiltration and injury. Interestingly,
infusion of IL-4 and IL-10 expressing macro-
phages into the left renal artery also reduces injury
in the non-injected contra-lateral kidney, even
though negligible numbers of injected macro-
phages localize there and circulating IL-4 or
IL-10 is undetectable (Kluth et al., 2001; Wilson
et al., 2002). The most likely explanation is that
high concentrations of locally secreted cytokine
modify the inflammatory cells trafficking through
the glomerulus to regional lymph nodes where they
down-modulate the immune response.

Yokoo et al. (2001) have recently developed a
system of regulated trans-gene expression so that
macrophages release IL-1RA only after localiza-
tion to inflamed glomeruli. This was achieved
using double transduced macrophages with an
adenovirus containing Cre recombinase under the
control of the IL-1p promoter and a second
adenovirus carrying a floxed reporter gene under
the control of strong viral promoter. However,
gene expression by transduced macrophages is
short term. One way to overcome this is integra-
tion of genes into bone marrow cells that
differentiate into macrophages, which has been
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achieved using retroviral transformation. More
recently, successful gene delivery using retrovirally
transduced cord blood-derived CD34+ cells into
inflamed glomeruli in NOD/SCID mice has been
demonstrated indicating that human stem cells can
mature into macrophages in vivo (Yokoo et al.,
2003). These approaches offer promise for the
future.

10. Summary

In this chapter, we have tried to summarize the
current knowledge about cellular mechanisms in
immune-mediated renal injury. Clearly there is
much yet to be learned, especially as the recently
acquired knowledge emphasizes the ever increasing
subtlety of the mechanisms that control immune-
mediated inflammation. Old views that immune-
mediated injury could be treated effectively by
preventing lymphocytes and macrophages from
infiltrating the kidney have proven simplistic and
the current emphasis is to use emerging knowledge
to develop strategies for deviating infiltrating
inflammatory cells, whether lymphocytes or macro-
phages, toward an anti-inflammatory and repara-
tive type. Currently, macrophages provide the most
promising opportunities to achieve this. Indeed the
precedent of how effectively microorganisms and
tumors manipulate immune cell function provides
a challenge for physicians to do the same.

Key points

e All types of renal injury are associated with
infiltration of immune-competent cells

e The same basic principles govern the
activation and subsequent function of
immune-competent cells of different
lineages

e These cells become activated and
depending on the microenvironment
either facilitate repair or promote injury

e Manipulation of activation and subse-
quent function rather than preventing
infiltration is a promising avenue for
therapeutic gain
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1. Introduction

In the following chapter, pathophysiological princi-
ples of renal cell injury are discussed in their clinical
context. Renal cell injury is often caused by renal
manifestations of more generalized syndromes, such
as infectious disease, autoimmunity, diabetes, meta-
bolic disturbance, or hypertension. Key pathophy-
siological mechanisms that may finally culminate in
tissue damage and kidney failure will be described.
These include formation of immune complexes and
their detection by Fcy receptors, activation of the
complement system, activation of the toll-like
receptor (TLR) system, overt action of growth
factors such as insulin and transforming growth
factor-ff (TGFEp), as well as renal consequences of
dyslipidemia and mechanical stimulation.

2. Formation of reactive oxygen species and
nitric oxide are key determinants of renal
tissue damage

Free radical production is supposed to play a
decisive role in renal diseases (Pfeilschifter et al.,
1993; Baud and Ardaillou, 1993). Specifically,
nitric oxide (NO) and reactive oxygen species
(ROS), mainly superoxide anion (O5) and hydro-
gen peroxide (H»O,), have been identified as key
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compounds that are involved in widespread cellular
damage to macromolecules, including DNA,
proteins, and lipids. Besides, in the context of pro-
inflammatory cytokines and TLR activation, ROS
production can be observed to be under the
influence of angiotensin II, bradykinin, arachidonic
acid, thrombin, and growth factors such as epi-
dermal growth factor, fibroblast growth factor,
platelet-derived growth factor, and insulin-like
growth factor (Wardle, 2005). In addition, mechani-
cal pressure as seen in hypertensive patients is able to
activate production of ROS (Sowers, 2002). Under
those conditions ROS generation may contribute to
endothelial cell dysfunction by scavenging NO and
thereby impairing endothelium-dependent vasore-
laxation. In fact, parameters of oxidative stress are
increased in patients with essential hypertension
(Russo et al., 1998).

Deleterious actions of oxidative stress are to
a certain degree held in check by cellular anti-
oxidant capacity, which can be increased in res-
ponse to a particular insult. Examples of such
protective mechanisms are induction of heme
oxygenase-1 (HO-1) (Wardle, 2005), superoxide
dismutase (SOD) (Pfeilschifter et al., 2002), upre-
gulation of cellular GSH status (Wardle, 2005),
and the activation of the Nrf2-dependent anti-
oxidant response program (Sozzani et al., 2005).
Obviously, uncontrolled oxidative stress resul-
ting from an imbalanced redox-state is inevitably
associated with cellular hyperactivation, subse-
quent damage, and finally tissue injury and loss of
function.
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ROS are generated as accidental by-products
of aerobic energy metabolism or deliberately as
signaling compounds and effector molecules during
immune defense. Enzymes with critical functions in
ROS production include xanthine oxidase, cycloox-
ygenases, lipoxygenases, cytochrome P450 oxidases,
nitric oxide synthases (NNOS), and nicotinamide
adenine dinucleotide phosphate (NADPH) oxi-
dases. The latter family of ROS producing enzymes,
recently renamed as Nox enzymes, appear to be of
prime relevance in pathophysiology. Among family
members, Nox1 and Nox4 can be detected in renal
resident cells such as glomerular mesangial cells.
Notably, Nox2, formerly known as gp91phox, is
primarily expressed in phagocytes but not detect-
able in resident cells such as mesangial cells. Besides
these specific differences in cellular distribution, it is
generally assumed that all Nox isoenzymes have the
potential to contribute to renal tissue damage,
particularly in the context of acute and chronic
inflammation. Overproduction of NO is established
by gene activation of inducible nitric oxide synthase
(iNOS), which is able to produce large amounts of
the volatile radical NO for extended periods of time.
Through the action of iNOS, L-arginine and O, are
converted to citrulline and NO. Enhanced expres-
sion of iNOS is a chief characteristic of inflamma-
tory conditions that can be observed in a variety of
human diseases and their respective animal models.
Specifically, pro-inflammatory cytokines like inter-
leukin (IL)-1, tumor necrosis factor-o, and inter-
ferons are of prime importance in establishing
high-output production of NO via this enzyme.
Induction of iNOS is achieved by action of trans-
cription factors such as nuclear factor (NF)-xB,
signal transducer and activator of transcription
(STAT) proteins, and interferon regulatory factor
(IRF)-1 on regulatory elements in the iNOS
promoter. Interestingly, iNOS is a significant source
of ROS in the setting of substrate (L-arginine)
deficiency (Wardle, 2005; Pfeilschifter et al., 2002;
Pleskova et al., 2006, Kleinert et al., 2004). Both
principles, ROS and NO are able to induce tissue
damage via a similar spectrum of mechanisms that
include inhibition of mitochondrial enzymes and
glyceraldehyde-3-phosphate dehydrogenase, activa-
tion of lipid peroxidation, induction of DNA
damage, activation of poly-ADP ribose polymerase

(PARP), and apoptotic as well as necrotic cell death
(Wardle, 2005; Briine et al., 1999). Formation of
peroxynitrite (ONOO™) by the instant reaction of
NO with O; is of particular relevance in this
context. In fact, peroxynitrite is an outstandingly
powerful oxidant and nitrating agent that is
assumed to play a key role in the pathophysiology
of cellular injury and tissue damage under conditions
of ROS and NO overproduction (Szabo, 1996).
Evidence that production of ROS contributes to
the pathogenesis of kidney diseases is manifold and
appears to be based on several mechanisms of
action. In fact, studies on rat anti-Thy 1 glomeru-
lonephritis revealed that ROS production is key to
cell proliferation, matrix accumulation, and fibrosis.
Addition of antioxidants was actually curative in
this model of immune-mediated glomerular injury
(Budisavljevic et al., 2003). ROS may also be invol-
ved in formation of neoepitopes, thereby perpetua-
ting core mechanisms of autoimmunity associated
with kidney diseases. Induction of tumor necrosis
factor-o. (TNFo) production is proposed to be a
further crucial mechanism of ROS driven inflamma-
tory diseases. This assumption concurs with H,O,-
mediated production of this cytokine, as observed in
nephrotoxic nephritis. Here, ROS production is a
consequence of Fc receptor (FcR) activation on
infiltrating neutrophils (Suzuki et al., 2003). Under
conditions of proteinuria, albumin uptake by tubular
cells leads to NF-xB activation via protein kinase C
and thereby to ROS production and subsequent
amplification of inflammation (Tang et al., 2003).
ROS production has been connected in particular to
apoptotic cell death. For example, ROS mediate
angiotensin II-induced apoptosis in proximal tubular
epithelial cells (Bhaskaran et al., 2003). Taken to-
gether, current data strongly emphasize the view that
imbalanced ROS production by infiltrating leuko-
cytes and/or local resident cells plays a key role in
renal inflammation and subsequent tissue injury.

3. Immune-mediated renal injury and the
TLR system of innate immunity

Renal immune complexes, either formed in the
circulation or in situ, play a key role in the patho-
genesis of kidney diseases and renal injury
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associated with autoimmunity and/or infection.
Interestingly, recent data also suggest that a
complex interplay between different components
of the adaptive and the innate immune systems
determines the pathogenesis and outcome of
immune-mediated kidney diseases. In the follow-
ing section, we will review related novel aspects of
kidney immunopathology. Moreover, therapeutic
strategies that may evolve from those recent
insights will be discussed.

3.1. Immune complexes contribute
to immune-mediated renal injury

Immune complexes are dynamic structures con-
sisting of antibodies and their respective antigens.
It is a widely accepted concept that the formation
of immune complexes and their renal deposition is
a key event in the pathogenesis of many immune-
mediated kidney diseases (Nangaku and Couser,
2005). These immune complexes may be formed in
the circulation, as in the case of systemic lupus
erythematosus, or may be formed in situ, as seen in
Heymann nephritis. Besides this class of discases
with an autoimmune etiology, the renal manifesta-
tions of infectious diseases also appear to be
mediated at least in part by renal deposition of
immune complexes. In this context, hepatitis C
(Philipneri and Bastani, 2001) and human immu-
nodeficiency virus (HIV) (Weiner et al., 2003)
infections are of particular relevance. A prominent
and well-characterized animal model of immune-
complex mediated kidney disease is acute serum
sickness. This disease is induced by injection of
bovine serum albumin (BSA) into rabbits. As a
consequence, anti-BSA/BSA immune complexes
accumulate in renal glomeruli and thereafter result
in an acute glomerulonephritis (Nangaku and
Couser, 2005). Immune complexes are able to
mediate activation of infiltrating leukocytes as well
as resident renal cells by two major mechanisms.
First, they activate a class of specific receptors
for antibodies. These receptors recognize the Fc
portion of immunglobulins and are known as
FcRs. In addition, immune complexes induce pro-
inflammatory effects by activating the complement
system via the classical pathway. Notably, the role

of immune complexes in pathophysiology is deter-
mined by their size. Small immune complexes are
biologically inert because they neither efficiently
activate FcRs nor the complement system. In con-
trast, large immune complexes are potent activators
of both systems and are therefore efficiently
removed by phagocytosis. Thus, medium-sized
complexes are regarded as pathophysiologically
most relevant.

3.2. Fcy receptors: major sensors
of immune complexes

FcRs located in the membrane of leukocytes and
certain resident kidney cells are a major means by
which the immune system senses the formation and
deposition of immune complexes. Among the
family of FcR, those specific for immunoglobulin
G (IgG), classified as FcyR, appear to be of pivotal
relevance for the development of inflammatory
kidney diseases. These receptors specifically recog-
nize Fc regions of IgG coupled to antigen. As a
consequence immune complexes may be removed
and/or cellular activation is achieved. Three diffe-
rent classes of Fcy receptors can be distinguished:
FcyRI, FcyRII, and FcyRIII. Whereas FcyRI is a
high-affinity receptor that is capable of binding
even monomeric IgG, FcyRII and FeyRIII bind to
immune complexes with low affinity. FcyRI and
FcyRIII are activating receptors. These receptors
associate with homodimers of the common y-chain
(FcRy) containing cytoplasmatic ITAM (immuno-
tyrosine activatory motif) sequences, which are
responsible for signal transduction. FcyRIla and
FcyRIlc are activating receptors furnished with
their own ITAM motifs. In contrast to the
aforementioned family members, FcyRIIb is an
inhibitory receptor equipped with an intracellular
amino acid motif called ITIM (immunotyrosine
inhibitory motif). Docking of immune complexes to
activating FcyR leads to the phosphorylation of
ITAM motifs with subsequent activation of key
signal transduction components, namely phospho-
lipase Cy, cytosolic phospholipase A,, and mitogen-
activated protein kinases. Activation of these
signaling pathways by immune complexes is linked
to expression of pro-inflammatory molecules such
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as iINOS and TNFa (Tarzi and Cook, 2003; Ravetch
and Bolland, 2001; Jancar and Sanchez Crespo,
2005). Murine renal mesangial cells are able to
express both FcyRII and FeyRIII receptors. Interes-
tingly, activation of FcyRIII on these cells induces
expression of pro-inflammatory chemokines such as
monocyte chemoattractant protein-1 (MCP-1)
(Radeke et al., 2002). In fact, animal models reveal
that this chemokine may play an important role in
murine lupus nephritis (Hasegawa et al., 2003).

The relevance of the FcR system for immune-
mediated kidney diseases has been underscored by
use of suitable animal models. The absence of
FcyRIIb in lupus-prone Fas (Ipr/lpr) mice resulted
in fatal nephritis confirming the protective char-
acter of this inhibitory FcR. In contrast, lack of
FcyRI and FeyRIIT biological functions in FcRy
knockout animals was protective against severe
lupus-like nephritis that spontaneously develops in
mice with a genetic NZB/NZW background (Tarzi
and Cook, 2003; Oates and Gilkeson, 2002).

3.3. Activation of complement amplifies
renal inflammation and injury

Through the classical activation pathway, immune
complexes efficiently activate the complement sys-
tem and thus represent an important arm of innate
immunity. Activation of complement is able to
potently enhance inflammatory reactions by diffe-
rent mechanisms, including production of the ana-
phylatoxins C3a and C5a and the generation of the
membrane attack complex C5b-9 (Tarzi and Cook,
2003; Oates and Gilkeson, 2002; Seelen et al., 2005;
Berger et al., 2005). By stimulating their respective
receptors on leukocytes and resident mesangial cells,
these anaphylatoxins synergize with cytokines
and/or FcyR-derived signals for production of pro-
inflammatory mediators. This interaction can be
regarded as one hallmark of immune-mediated renal
injury. Accordingly, administration of a C3a recep-
tor antagonist to MRL/Ipr mice significantly
ameliorated development of lupus nephritis (Bao
et al., 2005a). Similar results were obtained by
administration of a CSa receptor antagonist (Bao
et al., 2005b). Notably, urinary C3d, a degradation
product of C3, has been identified as a valuable

disease marker in human lupus nephritis (Negi
et al., 2000).

The other pathogenic component of the comple-
ment system is the membrane attack complex.
Sublytic quantities of C5b-9 inserted into target cell
membranes mediate cellular activation and a pro-
inflammatory cellular program that favors tissue
injury. This process is well characterized in rat
Heymann nephritis, a model of membranous
nephropathy. Podocyte injury in this disease is
dependent on C5b-9 and involves subsequent
production of prostaglandins, proteases, and ROS.
In addition, C5b-9 has been related to endoplasmic
reticulum stress and DNA damage. Besides podo-
cytes, other renal cell types can be affected by
C5b-9, including glomerular epithelial and mesan-
gial cells. For example, activation of glomerular
mesangial cells in models of IgA nephropathy
depends on C5b-9 activity. Notably, uncontrolled
activation of the complement pathway has been
associated with severity of disease in human IgA
nephropathy. At this point, it should however be
recognized that complement has a dual role in the
context of immune complex diseases. Whereas
excessive complement activation must certainly be
considered as a pathogenic factor, complement also
has the potential to achieve distinct beneficial
functions based on the role of the complement
system in immune complex disaggregation and
clearance (Tarzi and Cook, 2003; Oates and
Gilkeson, 2002; Seelen et al., 2005; Berger et al.,
2005).

3.4. The toll-like receptor dependent
arm of innate immunity

The TLR system provides an inherent cellular
recognition device for pathogen-associated mole-
cular patterns (PAMP) that are encoded by a
myriad of infectious agents. This phylogenetically
ancient system of immune recognition is of para-
mount importance for the development and func-
tion of innate as well as adaptive immunity.
Distinct TLR expression profiles have been identi-
fied on key players of the immune system such as
dendritic cells, B and T lymphocytes, natural killer
cells, and monocytes/macrophages. In addition,
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Table 1
Overview on the human TLR system

TLR Location Exogenous ligands

TLR-1, -2, -6 Membrane Microbial lipoproteins,
peptidoglycans,
zZymosan

TLR-4 Membrane Lipopolysaccharide

TLR-5 Membrane Flagellin

TLR-10 Membrane ?

TLR-3 Endosome dsRNA

TLR-7,-8 Endosome ssRNA

TLR-9 Endosome Hypomethylated CpG

DNA

strong TLR expression is characteristic for cells of
epithelial origin. At least ten different human TLR
can be discriminated. These TLR and their
exogenous ligands are shown in Table 1. In
particular, activation of transcription factor
NF-«kB and of the p38 MAP kinase pathway are
regarded as culmination points of TLR-mediated
pro-inflammatory cellular responses. Subsequent
activation of pro-inflammatory genes such as
TNFa, IL-16, and IL-8 as well as production of
interferons, are hallmarks of immune defense
mechanisms initiated by activation of the TLR
system. Functionally, this innate component of the
immune system is supposed to be the first line of
defense against infectious agents of viral, bacterial,
or fungal origin. However, the TLR system is not
only a basic initial gate keeper of immunity but
also shapes and amplifies the subsequently evolving
adaptive arm of the immune response (Takeda and
Akira, 2005; Anders et al., 2004a; Czyzyk, 2006;
Pawar et al., 2006). In recent years, knowledge of
TLR biology has developed at an impressive pace.
These studies have also demonstrated that
unwanted activation of the TLR system by
exogenous or endogenous ligands could contribute
to or even establish processes that finally lead to
the development of autoimmune diseases.

3.5. Activation of the TLR system: a link
between innate immunity and immune
mediated glomerular injury

Receptors of the TLR system are expressed in the
diseased human kidney not only in infiltrating

leukocytes but also in certain populations of local
resident cells. Specifically, expression of TLR3 was
observed on activated human mesangial cells.
Stimulation of mesangial TLR3 results in expres-
sion of pro-inflammatory genes like ICAM-1,
IL-1p, IL-6, and IL-8. In addition, TLR3 has
been identified on collecting duct cells (Wornle
et al.,, 2006). Expression of TLR4 by human
mesangial cells is uncertain. In contrast, TLR4
has been detected on human tubular epithelial cells
(Samuelsson et al., 2004). Concerning the murine
system, expression of TLR1-4/6 has been reported
on tubular epithelial cells, whereas only TLR3/4
appears to be present on mesangial cells (Anders
et al., 2004a, b).

Activation of the TLR system on either leuko-
cytes or intrinsic renal cells is inevitably linked to an
increased pro-inflammatory activation status of the
affected tissue. Consequently, exposure to infec-
tious agents has been associated with increased
disecase activity and flares of common kidney
diseases such as IgA nephropathy or lupus nephri-
tis. Further examples of infections driving renal
disease include viral infections (e.g., hepatitis C
virus or HIV) and acute renal failure (ARF)
observed in sepsis patients. Interestingly, murine
models revealed that activation of systemic but not
renal TLR4 mediates ARF in endotoxemia, indi-
cating that influx of activated leukocytes into the
kidney is key to the pathogenic mechanism in this
condition of acute systemic inflammation (Anders
et al., 2004a; Czyzyk, 2006; Pawar et al., 20006).
However, in the context of chronic inflammation,
increasing evidence points to a pathophysiological
role of local renal TLR expression (see below).

Renal deposition of immune complexes is
regarded as a key mechanism in the pathogenesis
of postinfectious glomerulonephritis mediated by
the aforementioned viral infections. However,
activation of TLR by viral products may play a
key role in amplifying underlying inflammatory
processes in the renal compartment. In this context,
detection of viral RNA by TLR3 appears to be of
particular interest. Activation of this TLR is
generally accomplished by dsRNA, but potentially
as well by double-stranded sections of ssRNA (e.g.,
achieved by formation of hairpin-loops). It is
remarkable that renal TLR3 is upregulated in
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hepatitis C patients with glomerulonephritis and
that TLR3 expression is enhanced by stimulation
of cultured mesangial cells with pro-inflammatory
cytokines. As already pointed out, TLR3 expres-
sed on mesangial cells is able to amplify inflam-
matory responses of this cell type (Wornle et al.,
2006). Moreover, experiments in the murine
system proved that injected viral RNA accumulates
in vivo in the renal glomerulus and can be detec-
ted in the endosomal “TLR3 compartment” of
mesangial cells (Pawar et al., 2006; Patole et al.,
2005). The present data therefore strongly suggest
that activation of TLR3 in the renal glomerulus
may play an important role in the patho-
genesis of glomerulonephritis associated with viral
infections.

3.6. The role of the TLR system
in renal autoimmunity

Activation of the TLR pathway may amplify
autoimmune processes by two principal mecha-
nisms. First, by providing signals that generally
increase the pro-inflammatory activation state of
cell populations, either infiltrating leukocytes or
resident cells, which are involved in the local tissue
response and show a suitable TLR expression
pattern. Second, distinct TLR ligands are able to
efficiently activate B cells and may dramatically
upregulate antibody production (Krieg, 2002). In
this context, TLRY is of particular relevance since it
is highly expressed on B cells. Studies on MRL'P"/P*
mice, a model for systemic lupus erythematosus
(SLE) and associated lupus nephritis, recently
provided further insights into the potential role of
TLR ligands in autoimmunity. Notably, applica-
tion of the TLR3 ligand, pl:C-RNA, aggravated
nephritis in MRL™"P" mice. pl:C-RNA adminis-
tration was not associated with B cell activation or
changes in anti-DNA autoantibody levels, an
observation consistent with the notion that B cells
do not express TLR3. Data from these experiments
suggest that pl:C-RNA worsens the outcome of
nephritis by pro-inflammatory activation of local
TLR3 expressing cells (intrarenal macrophages,
mesangial cells) followed by induction of mesan-
giolysis (Patole et al., 2005).

Similar to pI:C-RNA, treatment of MRL'P"'Pr
mice with TLRY activating CpG motifs significantly
aggravated nephritis. However, the mechanisms of
action of TLR3 and TLRY show significant diffe-
rences. Direct activation of intrinsic renal cells, such
as mesangial cells, was not observed in response to
TLRO activation. This is in accordance with a lack
of this receptor on those cells. However, glomerular
and tubulointerstitial injury, after CpG application
was associated with a marked upregulation of anti-
DNA antibody production and increased presence
of glomerular IgG deposits. These observations
indicate that, in contrast to pl:C-RNA, stimulatory
CpG motifs are able to amplify experimental
autoimmune nephritis by mechanisms that include
TLRY9-dependent activation of B cell functions
(Anders et al., 2004b) (see below).

TLR are designed to recognize exogenous ligands
derived from microbial pathogens. However, recent
developments in this field reveal the presence of
endogenous ligands for certain TLR, further
strengthening the hypothesis of a link between this
arm of innate immunity and autoimmune diseases.
In fact these ligands may be released, for example,
by dying cells during development of autoimmu-
nity. By stimulating their specific TLR they may
enhance or even establish pathological processes
finally leading to autoimmune diseases. These
endogenous ligands are best characterized for
TLR3, TLR4, and TLRY. Ul small nuclear RNA
(Hoffman et al., 2004) and hypomethylated CpG
self-DNA (Czyzyk, 2006; Krieg, 2002) are able to
activate TLR3 and TLR9Y, respectively. Notably,
SLE patients show lower methyltransferase acti-
vity and higher serum levels of hypomethylated
CpG-DNA (Krieg, 2002). A whole panel of endo-
genous ligands for TLR4 has been identified,
among others heat-shock proteins, fibronectin,
p-defensin-2 (Anders et al., 2004a), and biglycan
(Schaefer et al., 2005). Uncontrolled release of these
ligands will, similarly to bacterial lipopolysac-
charide, enhance TLR4-driven inflammation.

Importantly, activation of TLR9 by hypomethy-
lated self-CpG-DNA has the potential to efficiently
activate B cells, leading to subsequent initiation of
autoantibody production. Hypomethylated self-
CpG-DNA is over-represented in SLE immune
complexes and can be regarded as a pathogenic
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factor in this disease. In particular, promoter
sequences involved in gene regulation represent
areas in mammalian genomes with a high degree of
hypomethylated CpG-DNA (Krieg, 2002). In the
context of autoimmunity, production of anti-
chromatin antibodies and of antibodies directed
against Fc portions of IgG (rheumatoid factors)
are of special clinical interest. The presence of these
antibodies is characteristic of several autoimmune
disecases, and often associated with the generation
and renal deposition of pathogenic immune com-
plexes. Current understanding of the underlying
mechanism by which TLR9 may facilitate autoanti-
body production is shown in Fig. 1. B cells recog-
nizing self-chromatin/DNA structures (left panel)

1. Signal

v

T cell independent
B cell activation

TLR9 [ Endosome'

2. Slgnnl Wr/

or IgG2a/chromatin complexes (right panel) are
activated by stimulation of their respective B cell
receptors (BCR) at the cell membrane. This
interaction provides the first signal for B cell
activation. The BCR/antigen complex is endocy-
tosed and, during subsequent maturation of the
endosome, TLRY is activated by the incorporated
chromatin material. TLR9-mediated activation of
specific B cells by this pathway, or alternatively by
microbial infection, provides the essential second
signal that finally leads to B cell differentiation,
proliferation, and production of anti-chromatin
antibodies or rheumatoid factors, respectively.
Notably, this pathway provides a means of T
helper cell-independent B cell activation that has

1. Signal

Breakdown
of self-tolerance

Production of

anti-chromatin antibodies
rheumatoid factor

generation of immune complexes

Figure 1. Current concept by which TLR9 activation provides a 2nd stimulus for autoantibody production.
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the potential to break self-tolerance. Recent data
indicate that TLR9-dependent production of IFNu
by plasmacytoid dendritic cells is an important
cofactor for this process. In fact, flares of disease
correlate with high levels of IFNo in SLE patients
(Oates and Gilkeson, 2002).

As discussed above, current data suggest that
TLR activation, particularly TLRY, by endogenous
ligands may be involved in the etiology of certain
forms of autoimmune disease, including lupus
nephritis (Christensen et al., 2005). This knowledge
may open the avenue to innovative therapeutic
strategies that are based on the biology of the TLR
system. Blockade of TLRY can be achieved by
several strategies. First, TLR9 belongs to the group
of TLR molecules that are located at the cellular
endosomal compartment. Endosome maturation
is associated with a drop in the local pH-value,
which is a prerequisite for TLRY function. There-
fore, pharmacological agents that have the capa-
bility to inhibit endosomal acidification should
interfere with TLRY activation. Clinical data
support this concept. The drug hydroxychloro-
quine is widely used with some success in the
therapy of rheumatoid arthritis and SLE patients.
Interestingly, hydroxychloroquine is an inhibitor
of endosomal acidification. It might thus be
speculated that novel and therapeutically more
efficient compounds may evolve from the recently
gained knowledge on the function of hydroxy-
chloroquine concerning endosomal acidification
and TLRY activation (Krieg, 2002). Additionally,
it became apparent that TLR9 activation can be
suppressed by use of so-called inhibitory oligode-
oxyribonucleotides (1IODN). Particularly active
1IODNs are 15 mers with the motifs CCT and
GGG, as in 5-TCCTGGAGGGGAAGT-3'. Cellu-
lar activation achieved by TLRY ligands can be
significantly suppressed by coincubation with iODN.
Recent data suggest that these molecules may be
effective in vivo, and application of iODN mole-
cules delayed the development of lupus nephritis
in NZB/NZW mice (Lenert, 2005). Regardless
of whether the target is the TLR9 molecule itself,
or acidification of the endosomal compartment,
the present data imply that weakening the function
of this arm of innate immunity may open the
avenue toward novel therapeutic strategies for the

treatment of autoimmune diseases with renal
manifestations.

4. Renal cell response to metabolic injury
4.1. Diabetes mellitus

The response of the various renal cell types to
hyperglycemia ultimately defines the evolution of
diabetic nephropathy. Initial stages, characterized
by hyperfiltration, microalbuminuria, and later by
declining renal function, are reflected morphologi-
cally by marked cellular and extracellular changes
in the glomerulus and the tubulointerstitium. The
glomerular changes include thickening of the GBM,
expansion of the mesangial matrix, hypertrophy of
mesangial cells, and alterations in podocytes.
Comparable changes occur in the tubulointersti-
tium, including thickening of the tubular basement
membrane, epithelial-mesenchymal transition of
tubular cells, and interstitial fibrosis (Mason and
Wahab, 2003).

4.1.1. Effects of insulin on renal cell growth
The stimulation of cell growth by insulin was first
described more than 30 years ago in a study
performed by Stout et al. (1975), in which insulin
was shown to stimulate the proliferation of
vascular smooth muscle cells. However, it was only
after the discovery of insulin-like growth factors
(IGF) that the mitogenic effects of insulin were
understood. Insulin is able to signal through the
IGF-1 receptor, as there is a 40-50% homology
between IGF-1 and insulin. Even though the
affinity of insulin for the IGF-1 receptor is lower
than that of IGF-1, elevated insulin levels are likely
to signal through the IGF-1 receptor (Aron et al.,
1989). In glomeruli from diabetic animals both
IGF-1 and its receptor levels are increased,
suggesting that this factor might be involved in
growth processes in diabetic nephropathy (Conti
et al., 1988).

Insulin may further contribute to the progression
of kidney disease via modulation of the production
or action of TGF-f, a cytokine playing a key role
in renal injury in diabetic patients. In vitro insulin
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increases TGF-f1 expression in mesangial and
tubular epithelial cells, which is associated with
type IV collagen gene expression and its accumula-
tion in the extracellular matrix (Anderson et al.,
1996). Moreover, IGF-1 has been shown to
increase the activity of CTGF (connective tissue
growth factor), which has profibrogenic actions on
tubular epithelial cells and interstitial fibroblasts
(Wang et al., 2001).

4.1.2. Glucose flux through various

intracellular pathways

Glucose entry into renal cells is regulated by specific
transporters such as GLUT-1 and -4, as well as by
sodium co-transporters such as SGLT-1 and -2.
These transporters are transmembrane proteins that
translocate glucose into cells. Elevated glucose levels
appear to upregulate the expression of these recep-
tors, thereby enhancing the flux of glucose through
various intracellular metabolic pathways. GLUT-1
appears to be the most relevant transporter in dia-
betic nephropathy, as there is excessive production
of ECM by GLUT-1-overexpressing mesangial cells
in normoglycemia. Also, since GLUT-1 antisense
treatment decreases the glucose-induced produc-
tion of fibronectin in mesangial cells, it seems that
these transport molecules exert biologically relevant
influences on downstream cellular and extracellular
events (Heilig et al., 1997).

4.1.3. Hyperglycemia and protein

kinase C (PKC) signaling

PKC, which has dozens of isoforms, has been
reported to be activated in glomerular cells under
hyperglycemic conditions. PKC is activated by
diacylglycerol (DAG) and through ROS generated
by increased activity of the polyol pathway, as well
as by AGE-RAGE interactions (Inoguchi et al.,
2003). The activation of PKC by hyperglycemia
induces pathophysiological changes in a number
of ways, including decreased expression of
endothelial NO synthase with reduced production
of NO, and increased expression of vascular
endothelial growth factor (VEGF). In addition,
ECM components accumulate due to increased
synthesis of type IV collagen and fibronectin under
the influence of TGF-f1. PKC-induced activation

of NF-xkB generates an inflammatory response.
These deleterious effects are further amplified
by the generation of ROS secondary to the PKC-
activated membrane-associated NADPH oxidase
(Inoguchi et al., 2003). These events underline the
central role of PKC in the pathogenesis of diabetic
nephropathy. This concept is further supported by
studies in which the administration of ruboxis-
taurin, a PKC inhibitor, at least partially impro-
ved glomerular pathophysiology in experimental
diabetes.

4.1.4. TGF-p signaling in the diabetic
kidney
TGF-f appears to play a central role in the
evolution of diabetic nephropathy. TGF-f-induced
signaling and subsequent transcriptional events
have been extensively studied in mesangial cells.
The TGF-f1, 2 and 3 isoforms inhibit proliferation
in most cells and apoptosis in epithelial cells, but
stimulate mesenchymal cells, like those of the
glomerular mesangium. All isoforms are present
as latent propeptides, which are complexed by the
latent TGF-f-binding protein. The latter is cross-
linked with matrix proteins and is cleaved by
metalloproteinases and thrombospondin-1 to gene-
rate active TGF-f. TGF-$ may also be activated
by the integrin avf6 (Leask and Abraham, 2004).
The effects of activated TGF-f are mediated by
interactions with its heterodimeric type-I and -II
receptors. The type-I and -II receptors are co-
expressed in most cells, including mesangial cells,
where TGF-f first binds to the constitutively active
type-1I receptor, which phosphorylates the type I
receptor to produce a heterodimer. The receptor
complex then signals through the Smad, MAPK,
and PKA pathways. More than nine distinct
vertebrate Smad proteins (homolog of Drosophila
protein MAD: Mothers against decapentaplegic)
have been described. The activated TGF-f type-1
receptor interacts with Smad2 and 3, which in turn
form a heterodimeric complex with Co-Smad4.
This complex translocates into the nucleus and
regulates transcription by binding to the promoters
of specific TGF-f target genes, for example,
collagen o1(I), PAI-1, Jun B, c-Jun, and fibronectin
(Schiffer et al., 2000).
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In addition to Smad signaling, three major
subgroups of MAPK superfamily members, such
as extracellular signal-regulated kinases 1 and 2
(ERK1 and 2, p44/p42 MAPKSs), c-Jun N-terminal
kinase/stress-activated protein kinase (JNK/SAPK)
and p38 MAPK appear to be involved in TGF-f
signaling in mesangial cells. These kinases are
activated by hyperglycemia and modulate the
transcriptional regulation of pro-«l(I) procollagen
and fibronectin mRNA through formation of the
activated protein-1 (AP-1). There is some evidence
for cross-talk between MAPK and Smad pathways
since c-Fos and c-Jun, regulated by ERK and
JNK, can bind directly to Smad3 while the Smad3/
Smad4 heterodimer can bind to the AP-1-binding
site of various promoters of TGF-f target genes,
suggesting that TGF-f signaling is central to the
excessive matrix formation in diabetic nephropathy
(Ziyadeh, 2004).

These TGF-p-induced effects were initially
observed in mesangial cell culture systems, but
have also been corroborated by in vivo studies. The
initial evidence implicating TGF-f in diabetic
nephropathy came from various murine models
of diabetes. Subsequently, increased bioactivity of
TGF-f and expression of its receptor were observed
in kidneys from diabetic patients. The direct role of
TGF-f was shown in studies with neutralizing anti-
TGF-f antibodies, where renal hypertrophy,
mesangial matrix expansion, increase in al(IV)
collagen and fibronectin mRNA, and a decline in
renal function could be prevented. Moreover,
upregulated tissue expression and enhanced urinary
excretion of TGF-f in patients with diabetic
nephropathy have been described. Interestingly,
ACE inhibitors which protect the kidney from
diabetic injury also lower TGF- production
(Ziyadeh, 2004).

4.1.5. GTP-binding proteins in diabetes

mellitus

The relevance of GTP-binding proteins in diabetes
mellitus was originally described more than a
decade ago, and subsequently a number of these
proteins including Rad, Gem, and Rho were
shown to be activated by hyperglycemia. The small

GTP-binding proteins belong to a superfamily with
over 100 small GTPases (Takai et al., 2001). They
are involved in the regulation of cell growth,
motility and morphogenesis. In insulin deficiency,
Rapl is activated by its association with Raf-1.
DAG can directly or through PKC activate the
Rap/Raf/MAPK pathway. Enhanced expression of
Raplb was observed in kidneys of diabetic mice,
thus implicating small GTP-binding proteins in
intracellular signaling events induced by diabetes
(Lin et al., 2001). Recently, the Rho family of
GTPases has been reported to influence the biology
of ECM proteins such as fibronectin in glomerular
and tubulointerstitial cells, where it was found to
modulate the TGF-f-induced upregulation of
CTGF, a powerful pro-fibrogenic cytokine. Simi-
larly, Rho-dependent pathways have been shown
to be activated by other known pro-fibrogenic
molecules, including angiotensin 1II, platelet-
derived growth factor and endothelin-1 (Kim
et al., 2000).

4.1.6. Reactive oxygen species (ROS)
and apoptosis
ROS seem to be essential in the pathogenesis of
many diabetic complications. Once generated, they
are capable of self-perpetuating renal injury, and
thus play an important role in the initiation and
progression of diabetic injury to renal cells. Several
species of ROS are known, including the super-
oxide radical, hydrogen peroxide, and the hydroxyl
radical. In addition, ROS may react with other
radicals including NO, giving rise to peroxynitrite
which is considered a very powerful oxidant
(Li and Shah, 2003). There is a critical balance
between ROS production and neutralization that
is maintained by antioxidant enzymes, including
catalase, glutathione peroxidase and superoxide
dismutase, as well as by several stress-response
genes, such as HO-1. The levels of several constitu-
tively expressed antioxidants may be increased, but
the most remarkable change is seen in the expression
of the inducible form of HO-1 in glomeruli derived
from STZ-diabetic rats (Lee et al., 2003).

ROS are generated intracellularly through the
NADPH oxidase system and by mitochondrial
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metabolism. NADPH oxidase was originally
observed in phagocytic cells and subsequently
described in numerous nonphagocytic cells, includ-
ing renal cells. It is a flavocytochrome made up of
a heterodimer of p22 phox and gp91 phox, and
serves as a plasma membrane-bound electron
transport chain. Noxl and Nox4, which are
homologs of the neutrophil gp91 phox, are
expressed in the kidney (Pleskova et al., 2000).
NADPH oxidase is activated on its association
with cytosolic phox proteins, p47 phox, p67 phox,
and p40 phox and a GTP-binding protein, p21rac.
High glucose levels may, via AGE, free fatty acids,
PKC and TGF-f, activate NADPH oxidase in
renal cells (Li and Shah, 2003).

The glucose-induced generation of ROS in
mesangial and tubular epithelial cells, and increased
fibronectin expression, are significantly reduced
by inhibitors of NADPH oxidase. The amount of
ROS generated via the nonphagocytic NADPH
oxidase system is normally relatively low, even
under high-glucose ambience or in the hyperglyce-
mic state, but may still exert significant effects on
redox-sensitive signaling cellular processes (i.e., cell
growth, apoptosis, and matrix turn-over). ROS
may also activate various transcription factors (i.e.,
NF-kB, AP-1, and Spl), which in turn affect the
expression of MCP-1, TGF-$, and PAI-1 (Lee
et al., 2003).

Taken together, it seems that all cellular elements
of the kidney are affected by hyperglycemia. On
glucose entry the subsequent intracellular signaling
events in all these cells might be similar, with
variations depending on the expression of a given
molecule in a particular cell, for example, aldose
reductase in the tubular epithelium and PKC in the
glomerulus. A large number of intracellular events
occur in the presence of high glucose, including
increased flux of polyols and hexosamines, forma-
tion of AGE and ROS, activation of PKC, TGF-p,
and G-protein signaling, and altered expression of
cyclin kinases, of matrix proteins, metalloprotei-
nases, and their inhibitors. These events are connec-
ted at various levels of different signaling pathways,
all leading to a defined end-point, that is, increased
extracellular matrix deposition, a typical finding in
diabetic nephropathy.

4.2. Dyslipidemia

Dyslipidemia is thought to cause renal damage and
to play an important role in the progression of
chronic kidney disease. It is a common feature in
many chronic kidney disorders, is characterized by
high triglyceride and low high-density lipoprotein
(HDL) cholesterol levels, accumulation of remnant
particles, a predominance of small dense low-
density lipoprotein (LDL) particles, and increased
levels of lipoprotein A. LDL may undergo
oxidative modification, resulting in the formation
of oxidized LDL (Moorhead et al., 1982).

In experimental models hyperlipidemic diets
worsen renal cell injury, and lipid-lowering strate-
gies improve renal cell function. Dyslipidemia
may damage glomerular capillary endothelial and
mesangial cells as well as podocytes. Mesangial cells
have receptors for LDL and oxidized LDL, which
upon activation induce mesangial cell proliferation,
increase mesangial matrix deposition, and enhance
the production of chemokines (i.c., MCP-1), cyto-
kines (i.e., IL-6), and growth factors. Macrophages
phagocytose oxidized lipids and thereby turn into
foam cells. These macrophage-derived foam cells
release cytokines that recruit more macrophages to
the lesion, increase lipid deposition, impair
endothelial cell function, and enhance proliferation
of vascular smooth muscle cells. These events
typically take place in the atherosclerotic vessel
wall, but to a certain degree are believed to occur
within the glomerulus as well. Therefore, similar
pathogenetic mechanisms may contribute to the
progression of atherosclerosis and glomerulosclero-
sis (Joles et al., 2000).

Hypercholesterolemia is also associated with
podocyte injury. Oxidized LDL induces apoptosis
of podocytes and a loss of the slit membrane
protein nephrin, and in vitro increases the diffusion
of albumin through podocytes (Bussolati et al.,
2005). There is also evidence that circulating lipids
bind to and become sequestered in the extracellular
matrix, where they undergo oxidation by ROS. The
resultant reduction in the actions of endothelium-
derived vasodilators, such as prostacyclin and
NO, with increased formation of endothelium-
derived vasoconstrictors/growth promoters, such
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as angiotensin II, endothelin-1, and PAI-1, may
have significant pathophysiologic consequences
(Joles et al., 2000).

Key points

e The balance between ROS production
and the protective cellular antioxidant
response program determines the patho-
genesis of kidney diseases associated
with renal cell injury.

e Immune complexes are key parameters
of immune-mediated renal injury that act
via mechanisms involving Fcy receptors
and the complement system.

e Activation of TLRs by infection or endo-
genous ligands aggravates immune
mediated glomerular injury.

e There are a number of intracellular events
that occur in the presence of high glucose,
which include increased flux of polyols
and hexosamines, formation of AGE and
ROS, activation of PKC and TGF-g.

e In the hyperglycemic state ROS are
generated by renal cells and exert sig-
nificant effects on various redox-sensitive
signaling processes (i.e., cell growth,
apoptosis, and matrix turnover).

e All three TGF-§ isoforms are upregulated
in the diabetic kidney and these cytokines
signal through the Smad, MAPK, and PKA
pathways in renal cells, which is essential
for the excessive matrix formation in
diabetic nephropathy.
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Renal Toxicities Associated with Immunomodulatory Drugs
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1. Introduction

Immunosuppressive drug therapy remains an
essential cornerstone of treatment in autoimmu-
nity. Re-establishing immunological tolerance to
particular autoantigens, although highly desirable,
is not yet achievable in a reproducible manner
(Salama and Sayegh, 2007). As such we are left
with the need to use non-specific immunosuppres-
sants in order to modulate autoimmune processes.
By doing so, we suppress the autoimmune-medi-
ated damage, but also hamper beneficial immune
responses to foreign antigens and the immuno-
logical feedback mechanisms, which normally act
as natural regulators of immune reactivity. The net
effect is that although the autoimmune disease is
treated, the patients may experience to adverse
effects related to their loss of defensive immunity to
pathogens and to malignantly transformed cells. In
some circumstances, treatment might also prevent
the development of tolerance to autoantigens.

In addition, each particular immunosuppressant
has a specific adverse effect profile, which adds to
iatrogenic morbidity. In all cases, attempts to
balance the risks of the autoimmune disease
manifestations and the potential adverse drug
effects are made. Thus, a hierarchy of immuno-
suppressive agents has evolved, which is used in
particular autoimmune settings to provide disease
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control, with side effects that are in proportion to
disease severity. The more severe the disease, the
greater is the risk that is considered acceptable.
For example we reserve cyclophosphamide, in
limited courses, for organ or life-threatening
disease since it is associated with significant pro-
malignant potential, risk of bone marrow suppres-
sion and bladder toxicity. Conversely, we rely on
azathioprine to act as a steroid-sparing mainte-
nance agent in a number of conditions, since it is
generally well tolerated with few serious, irrever-
sible adverse effects. It is therefore critical to be
aware of the risks of particular agents, so that
an informed decision regarding their use can be
made.

Traditionally, we have been limited by the
number of available efficacious agents, however,
with many newer drugs being developed, some
imported from the field of transplantation, we are
adopting an increasingly large number of immu-
nomodulatory tools that can be applied to the
autoimmune setting. Moreover, with the introduc-
tion of newer biological agents the potential for
different drug combinations has expanded con-
siderably. With these comes a new series of
potential adverse effects, which we will have to
remain vigilant to identify. Hopefully, with
increasing understanding of the immunobiology
of certain autoimmune diseases, we may be able
to apply a more logical strategy for therapy, that
while suppressing the autoimmune process, will
also allow the development of more stringent regu-
latory pathways, ultimately even re-establishing
immune tolerance.
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In this chapter, I will review the renal toxicity
associated with currently used immunosuppres-
sants, immune modulators, and some adjuvant
therapies frequently utilized with these agents.
Where possible, the explanation for these effects
will be highlighted. I will further discuss some of
the novel agents that are becoming available and
what we may expect in the future regarding their
use and their adverse effects on the kidney. I will
discuss the effects according to the renal compart-
ments affected, as well as according to the agent
used. There should be a note of caution, since
establishing a causal effect for an agent used in the
treatment of multisystem diseases is not always
easy. A number of pathologies may be associated
with the underlying disease and it may not be
always possible to fulfill Koch’s postulate with
respect to the adverse effect and drug exposure.
Additionally, it should be borne in mind that
patients with one form of autoimmune disease may
have a propensity to develop other (auto)-immune
conditions, which may present with renal patho-
logy. It is therefore critical to maintain a high
index of suspicion that unexpected clinical features
may be related to the use of novel or established
drugs (or their combinations) in a new setting.

2. Drug effects and renal pathology

The kidney can be effectively divided into three
compartments, the glomeruli, the tubulointersti-
tium, and the vasculature. Although drugs may
affect one or all of these compartments, many
agents are associated with particular adverse renal
effects. In many cases, the common signs of toxicity
include abnormal renal function and the develop-
ment of abnormal urinary sediment. This highlights
the need for monitoring any urinary abnormalities
that develop in patients with autoimmune disease
and, as will be seen, often creates a challenge to
understand whether the effects are due to the
therapy or to the disease itself. It should be empha-
sized that monitoring changes in serum creatinine
may not allow for early detection of toxicity, while
estimations of glomerular filtration rate (GFR),
using one of the available equations, may be a more

sensitive measure in patients with renal impair-
ment. This topic is reviewed in Lamb et al. (2005).

2.1. The glomerular compartment

The glomerulus may be affected by a number of
agents with the subsequent development of a
nephrotic syndrome, due to membranous glomer-
ulonephritis (secondary to penicillamine or gold
therapy), a focal and segmental collapsing glomer-
ulopathy (following biphosphonate therapy using
pamidronate), or crescentic glomerulonephritis such
as an anti-GBM or pauci-immune ANCA-associated
disease (following penicillamine). Establishing a
causal link with the responsible agent is often
difficult, as patients may have been treated with
the drug for a considerable period of time before
developing the complication (Bindi et al., 1997).
Moreover, in order to treat the glomerular lesion,
it may be insufficient to simply withdraw the drug,
rather additional therapy may be needed (Derk
and Jimenez, 2003), making it more difficult to
fulfill Koch’s postulate to link drug and disease.
Glomerular abnormalities present with abnormal
urinalysis, urinary sediment, or impairment of
renal function. Estimation of urinary proteinuria
does not require cumbersome 24h urine collec-
tions, but can be accurately estimated with spot
urinary protein:creatinine ratios (Newman et al.,
2000).

2.2. The tubulointerstitium

The tubulointerstitium is a frequent target of drug
toxicity. Direct toxic damage to the tubular cells
from drugs which may be concentrated in the
urine, or immune-mediated reactions to drug-
related antigens, are common. Tubulointerstitial
nephritis (TIN) can result from exposure to
almost any drug and can only be diagnosed on
renal biopsy (see Fig. 1). Drug-related causes of
TIN now predominate in the etiology of this
condition (Baker and Pusey, 2004). Particular
tubular pathologies may result following certain
drug exposure (such as isometric vacuolization



Renal Toxicities Associated with Immunomodulatory Drugs 109

Figure 1. Photomicrograph of a renal biopsy section (Hematoxylin and Eosin x 400) demonstrating tubulointerstitial nephritis with
marked leukocyte infiltration of the interstitium and tubular epithelium (tubulitis) (white arrow). Eosinophils are marked by the small

black arrow.

following ciclosporin or intravenous immunoglo-
bulin (IVIG)) and although these are not patho-
gnomonic, a knowledge of drug exposure and
potential toxicities helps establish the diagnosis.
Tubular dysfunction manifests with urinary
abnormalities or abnormal renal function. Urine
testing may reveal the presence of blood, protein,
or other substances usually reabsorbed in the
tubules such as glucose and amino acids (in rare
cases a complete Fanconi syndrome may occur).
Urinary pH may therefore be abnormally high
due a renal tubular disorder of bicarbonate or
hydrogen ion regulation. More specific proteins
expressed, secreted, or reabsorbed by the tubules
may be measured in the urine as indicators of
tubular disease (tubular proteinuria) and these
include retinal binding protein (RBP), N-acetyl B
glucosaminidase (NAG), or kidney injury mole-
cule-1 (KIM-1). However, these are not routinely
performed in clinical practice.

2.3. The vasculature

Damage to the renal vasculature can result in a
rapid deterioration of renal function (e.g., acute

thrombotic microangiopathy (TMA) associated
with calcineurin inhibitors (CNIs)), or may follow
a more protracted chronic course due to progres-
sive renal ischemia (hyalinosis lesions associated
with CNIs). Clues as the etiology may come from
associated clinical or laboratory findings, such as
thrombocytopenia, red cell fragmentation, and
hemolysis in the case of TMA, but more often are
lacking and establishment of a diagnosis requires a
confirmatory renal biopsy.

Drugs may affect one or more renal compart-
ments and pattern recognition enables pathologists
to suggest likely drug-mediated etiologies when
reviewing renal biopsy lesions. It is therefore of
paramount importance to have good dialogue
between the clinicians and pathologists to enable
an accurate conclusion to be made regarding
potential adverse drug reactions.

3. Individual drugs

The mainstay of therapy for most autoimmune
diseases remains corticosteroids, which are not
associated with renal dysfunction except indirectly
by induction of diabetes mellitus. I have highlighted
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Table 1

Immunomodulatory drugs used to treat autoimmune disorders, their common indications and renal toxicities

Drug Condition

Renal adverse effect Risk factors

Azathioprine RA, AAV, SLE

MG, membranous GN,
psoriasis, RA

Calcineurin inhibitors

D-Penicillamine RA, SS, PBC

Gold salts RA

Intravenous immunoglobulin SLE, AAV, dermatomyositis,
Guillain—Barre syndrome,

ITP, Kawasaki’s disease

Sirolimus FSGS, dermatomyositis,
IPEX, AIHA
Sulfasalazine and 5-ASA RA, IBD

compounds

TNF antagonists RA, AS, IBD, AAV

Tubulointerstitial nephritis,
allergic reaction

Acute renal dysfunction,
TMA, Chronic interstitial
fibrosis, glomerulosclerosis,
arteriolar hyalinosis
Membranous GN, minimal
change disease, crescentic GN
(immune complex, pauci
immune and anti-GBM
antibody associated).
Development of ANCA
Membranous GN, minimal
change disease, immune

Older age, doses >5mg/kg/
day, renal impairment

Certain HLA-DQ/DR alleles

complex GN
Acute renal failure (osmotic Older age, renal impairment,
nephropathy) volume depletion

TMA, proteinuria, acute
renal failure
Tubulointerstitial nephritis,
minimal change disease
Lupus nephritis,
membranous, pauci immune
GN

AAV, ANCA associated vasculitis; RA, rheumatoid arthritis; SS, systemic sclerosis; PBC, primary biliray cirrhosis; MG,
myaesthenia gravis; GN, glomerulonephritis; ITP, immune thrombocytopaenic purpura; TMA, thrombotic microangiopathy; FSGS,
focal and segmental glomerulosclerosis; IPEX, immunodysregulation polyendocrinopathy enteropathy X-linked syndrome; ATHA,
autoimmune hemolytic anemia; IBD, inflammatory bowel disease; AS, Ankylosing spondylitis.

the more commonly used drugs which have been
reported to cause renal complications (Table 1).
Those that are not cited have not had such reports
made to date.

3.1. Azathioprine

Azathioprine is metabolized in the liver to be-
come an active drug, through its conversion to
6-mercaptopurine. It inhibits de novo purine
synthesis and hence DNA and RNA synthesis. Its
metabolites are excreted via the kidneys but in an
inactive form. It remains a popular drug for the
treatment of numerous autoimmune conditions,
and is commonly used as a steroid-sparing agent.

Its predominant toxicities are related to bone
marrow suppression, megaloblastic anemia, and
hepatic dysfunction. The risk of marrow suppres-
sion is increased in patients with low thiopurine
methyltransferase (TPMT) activity, the enzyme
responsible for drug metabolism. Rarely, its
use has been associated with the development of
interstitial nephritis, complicating Wegener’s granu-
lomatosis (Parnham et al., 1996; Bir et al., 20006),
classical polyarteritis nodosa (Parnham et al.,
1996), and rheumatoid arthritis (Meys et al.,
1992) (Table 1). In addition, allergic reactions
marked by fevers, arthralgias, and generalized
malaise have been reported in patients with
mixed essential cryoglobulinaemia and leukocyto-
clastic vasculitis, as well as ANCA associated
vasculitis (Stratton and Farrington, 1998). These
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complications may appear at anytime from 1 week
to over a year following the introduction of the
drug (Stratton and Farrington, 1998). In contrast,
resolution occurs rapidly after cessation of the
drug, generally within a week, and re-exposure to
azathioprine results in a more rapid recurrence of
allergic symptoms and decline in renal function
(Parnham et al., 1996; Stratton and Farrington,
1998). In one patient with anti-GBM disease
allergic symptoms, which included pulmonary
infiltrates associated with hemoptysis, mimicking
the pulmonary-renal syndrome, occurred shortly
after azathioprine initiation and promptly resolved
following cessation of the drug (Stetter et al., 1994).
Overall, the incidence of these reactions appears to
be low, occurring in both acute and convalescent
disease, and not associated with any particular
patient phenotype.

3.2. Intravenous immunoglobulin

IVIG, in the form of a pooled polyclonal prepara-
tion, has been increasingly used for the treatment
of a variety of autoimmune and rheumatic
conditions (Roifman, 1995; Jayne et al., 2000;
Zandman-Goddard et al., 2005). Originally uti-
lized and licensed for replacement therapy in
primary and secondary immunoglobulin defi-
ciency, it was also licensed for the treatment of

Table 2

Kawasaki’s disease, immune thrombocytopaenic
purpura, bone marrow transplantation, B-cell
lymphocytic leukemia and pediatric HIV disease.
However, it has been increasingly utilized off-
label at high doses (up to Sg/kg) for several
autoimmune conditions, including systemic lupus
erythematosus, ANCA-associated vasculitis (AAV),
Guillain—Barre syndrome, and dermatomyositis.
Its mechanism of action remains incompletely
understood, although proposals include modula-
tion of antibody effector functions through anti-
idiotype networks (Shoenfeld and Katz, 2005),
an influence on cytokine production or lympho-
cyte activation, or more recently upregulation of
inhibitory FcReceptors on macrophages (Kaneko
et al., 20006).

A number of different IVIG preparations exist
in which the immunoglobulin molecules are
stabilized in a carbohydrate rich solution (to
prevent aggregation of the IgG) (see Table 2). The
adverse renal effects of IVIG appear to be related
to the stabilizers rather than the immunoglobulin
fraction per se, with 70-90% of patients who
developed IVIG nephropathy having received a
sucrose-based preparation (Orbach et al., 2004).
However, a lower proportion of other sugar-based
and non-sugar-based preparations have been
implicated (Table 2), and so it appears that all
IVIG preparations require vigilance with relation to
renal dysfunction. In some studies, patient-related

Different preparations of IVIG, their stabilizers content of sucrose and reported role in renal failure

IVIG preparation

Stabilizer (concentration of sucrose g/g IgG)

Reported to cause renal impairment

Flebogamma Sorbital NK
Gammagard S/D Glucose, albumin, and glycine Yes
Gammagard liquid Glycine only Yes
Gammar Sucrose (1.0) Yes
Gamimune Maltose or glycine Yes
Intragam Maltose Yes
Iveegam Glucose NK
Octagam Maltose NK
Panglobulin Sucrose (1.7) Yes
Polygam Glucose, albumin, or glycine NK
Sandoglobulin Sucrose (1.7) Yes
Venoglobulin Sorbitol or aluminum NK
Vigam Sucrose (0.5), albumin, and glycine Yes

NK, not known.
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Figure 2. Photomicrograph of a renal biopsy section (Hematoxylin and Eosin x 400) demonstrating tubular vacuolation and some
degeneration of the tubular epithelium, in this case secondary to ciclosporin toxicity. Similar lesions are found in IVIG nephrotoxicity.

characteristics predisposing to the development of
the IVIG-related nephrotoxicity included diabetes,
pre-existing renal impairment, volume depletion,
and older age (Table 1) although this was not a
uniform finding (Levy and Pusey, 2000; Sati et al.,
2001; Orbach et al., 2004).

The characteristics of the nephropathy are
typical of osmotic injury, with vacuolation of
proximal tubular cells (Fig. 2) and evidence of
tubular dysfunction with acute tubular necrosis
(Soares and Sethi, 2006). The incidence of the
condition is low, with approximately 7% of
patients treated for a variety of conditions deve-
loping renal dysfunction (Levy and Pusey, 2000;
Sati et al., 2001). In a significant proportion of
patients, acute renal failure requiring dialysis
support occurs, generally within 8 days from the
onset of treatment. In a 13-year period from 1985
to 1999, 120 cases of IVIG nephropathy were
reported to the Food and Drug Administration
(FDA), 88 within the USA, and these had a high
rate of acute renal failure with 40% requiring
dialysis (MMWR, 1999). For the most part this is
temporary and the lesion resolves on withdrawal
of the offending IVIG preparation. However, in
some series up to 2% develop established renal
failure (Levy and Pusey, 2000), and a mortality
rate of up to 15% was reported in the FDA series,

although many patients had significant co-
morbid conditions which undoubtedly contributed
(MMWR, 1999).

3.3. Calcineurin inhibitors (ciclosporin
and tacrolimus)

Ciclosporin and more recently tacrolimus were
originally introduced as immunosuppressants in
the field of transplantation. Ciclosporin revolutio-
nized the outcome of solid organ transplantation,
but due to its perceived erratic bioavailability and
difficult pharmacokinetics, it has been largely
superseded by tacrolimus. Both agents have been
used, at lower doses than in transplantation, for
the treatment of autoimmune conditions, includ-
ing hepatic (Agel et al., 2004), renal (Cattran et al.,
2001; Duncan et al., 2004), rheumatological
(Salvarani et al., 2001), dermatological (Griffiths
et al., 2006; Hengge et al., 2006), endocrine, ocular,
and neuromuscular disorders (Schneider-Gold
et al., 2006). However, CNIs are associated with
both short-term and long-term renal toxicities,
which have limited their more widespread use.
Major toxicities appear to be similar for both
agents, while some adverse effects predominate
for each, such as diabetes for tacrolimus and



Renal Toxicities Associated with Immunomodulatory Drugs 113

hirsuitism for ciclosporin. Reports of patients
changing from one agent to the other to reverse
major toxicities have been made, suggesting that
there is also an idiosyncratic element. The princi-
ple acute problems relate to hypertension and
vasoconstriction of the afferent renal arterioles
resulting in a decline in GFR. In parallel, there
are increases in serum potassium, uric acid, and
evidence of sodium retention. These generally
respond to a reduction in drug dose, although
hypertension may persist. Tubular toxicity may
be the result of ischemic injury or a direct effect
of the drug, and manifests as acute tubular
necrosis with evidence of isometric vacuolation
(see Fig. 2).

Another form of acute CNI toxicity, though
much rarer, is the development of a TMA. It
generally occurs soon after the introduction of the
CNI, although delayed and chronic forms of TMA
have been reported. TMA presents with a sudden
decline in GFR and is due to endothelial damage
and activation, leading to the formation of
microthrombi with subsequent vessel occlusion.
The occurrence of TMA is not clearly related to
drug dose, and although it generally responds to
drug discontinuation, permanent damage may
result.

More important in the context of relapsing—
remitting autoimmune diseases is the chronic
nephropathy that occurs from prolonged treat-
ment with CNIs. This is characterized by a
“striped” interstitial fibrosis, arteriolar thickening
with nodular hyalinosis, and segmental glomerular
sclerosis (Fig. 3). Evidence of ecarly chronic
damage (within 3 months) has been reported from
some transplant series based on protocol biopsies,
although a period of 6 months of treatment is
generally required (Nankivell et al., 2004). This
renal lesion may not be reversible; however,
cessation of the drug may prevent further sclerosis
and organ damage. The diagnosis is a histological
one requiring renal biopsy (Fig. 3). It is this more
indolent damage that has made treatment of
autoimmune disease with CNIs less appealing,
although they have the advantage of not being
bone marrow suppressive, unlike many other
agents used in autoimmunity. Risk factors for
development of CNI toxicity appear to be older
age, co-administration of non-steroidal anti-
inflammatory agents, use of doses in excess of
Smg/kg/day, and pre-existing renal impairment
(Table 1). Encouragingly, two small series of
patients with rheumatoid arthritis, treated using
doses of less than S5Smg/kg/day for 6 months

Figure 3. Photomicrograph of a renal biopsy section (Hematoxylin and Eosin x 400) demonstrating nodular hyaline material in renal

arterioles (arrows) secondary to chronic calcineurin toxicity.
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(Ludwin et al., 1994), or more than 7 years
(Rodriguez et al., 1996), reported a low overall
incidence of CNI-related toxicity based on renal
biopsy findings.

3.4. D-Penicillamine

This agent is used in the treatment of rheumatoid
arthritis and systemic sclerosis, although Iess
frequently than before, as a result of the introduc-
tion of more effective novel second line agents. Its
mode of action is unclear, but it is cleared through
an oxidative process forming disulfides with
circulating proteins. Altered metabolic processing
through this pathway of sulfoxidation may lead to
increased adverse effects. An association with
certain HLA-DR alleles has also been found in
those with renal adverse effects (Hall, 1989).
Numerous side effects occur in a dose-dependent
manner with this agent, and a number of renal
lesions have also been described. These include
membranous glomerulonephritis, minimal change
disease (Falck et al., 1979; Hall, 1989), focal
and segmental necrotizing glomerulonephritis
with or without ANCA (Harper et al., 1997,
Karpinski et al., 1997, Nanke et al., 2000),
crescentic glomerulonephritis in association with
anti-glomerular basement membrane (GBM)
antibodies (Bindi et al., 1997; Derk and Jimenez,
2003), immune complex nephritis (and a lupus-like
disease) (Chalmers et al., 1982; Nanke et al., 2000),
and less commonly interstitial nephritis (Feehally
et al., 1987). In some cases, the drug had been
administered for over 10 years before the renal
lesion developed (Bindi et al., 1997), although
most cases present within the first 2 years. A
number of similarities appear to exist between
patients susceptible to adverse effects from peni-
cillamine and gold therapy (see below) (Table 1).
In many cases, the renal Iesions resolve on
cessation of the drug, but in the more aggre-
ssive lesions additional immunotherapy has been
required; despite that the outcome may be poor.
Interestingly, in a number of a patients, co-
administration of iron appears to have adequately
chelated the penicillamine in the gut, and on

discontinuation of the iron, renal complications
related to penicillamine therapy were diagnosed
(Harkness and Blake, 1982).

3.5. Gold salts

Gold salts remain a useful therapy in the treatment
of an increasingly small group of patients with
resistant rheumatoid arthritis. Like penicillamine,
treatment with gold salts is associated with the
development of a membranous glomerulonephro-
pathy in up to 10% of patients in some series, with
a clinical nephrotic syndrome in a third of cases.
The renal lesion does not appear to be dependent
on the dose of gold administered or its duration,
although the formulation (oral or parenteral) may
make a difference. Typically, the lesion occurs
within the first 2 years of therapy (Hall, 1989).
Generally, the proteinuria remits following cessa-
tion of the gold, although this may take up to 3
years. Gold may be implicated as the etiological
agent in membranous glomerulonephropathy,
as it may be found within the tubular and
glomerular epithelial cells, as well as within
mesangial cells. There may be an HLA suscepti-
bility for gold-related toxicity, with certain DR
and DQ alleles being implicated (Sakkas et al.,
1993). Other lesions reported in patients treated
with gold include immune complex mesangial
glomerulonephritis and minimal change disease
(Hall, 1989).

3.6. Sulfasalazine and related 5-ASA
compounds

Sulfasalazine is commonly used in the treatment of
rheumatoid arthritis and, along with other 5-
aminosalicylic acid (5-ASA) compounds, in the
treatment of inflammatory bowel disease. Sulfasa-
lazine is poorly soluble and is, for the major part,
not absorbed in the gut, rather it is cleaved in the
colon by gut bacteria to produce 5-ASA and
sulfapyridine. The latter appears to be responsible
for its beneficial effects in rheumatoid arthritis,
while 5-ASA compounds are beneficial in



Renal Toxicities Associated with Immunomodulatory Drugs 115

inflammatory bowel disease. Adverse effects with
sulfasalzine more commonly relate to hepatic and
bone marrow toxicity, while renal toxicity is rarer
(with an incidence of less than 0.2 per 100 patients)
(Van Staa et al., 2004). The renal toxicity of
sulfasalazine appears similar to that of other
5-ASA compounds (Riley et al., 1992), although it
is of interest to note that patients with inflamma-
tory bowel disease not treated with 5-ASA com-
pounds are also at increased risk of developing
renal impairment, suggesting that there may be
some effect of the underlying disease as well. Many
cases of 5-ASA-induced TIN have been reported
(Calvino et al., 1998; Gisbert et al., 2007), which
may be acute or chronic (Dwarakanath et al.,
1992). In addition, cases of nephrotic syndrome
secondary to minimal change disease have been
reported in patients taking sulfasalazine and
5-ASA compounds (Barbour and Williams, 1990;
Fornaciari et al., 1997) (Table 1). There appears to
be no correlation between renal toxicity and total
dose of drug. It therefore remains important to
carefully monitor renal function in all patients
treated with 5-ASA compounds.

3.7. Anti-tumor necrosis factor (TNF)o
therapy and other biologics

Targeting specific cytokines or particular cell sub-
types known to be intimately involved in auto-
immune disease pathogenesis is a novel direction
and has proven to be successful for a number of
disorders. New agents, including soluble cytokine
receptors, monoclonal blocking or depleting anti-
bodies, or fusion proteins containing a receptor or
ligand linked to an immunoglobulin molecule, are
rapidly being developed. The anti-TNF agents
have proven to be highly successful in the
treatment of rheumatoid arthritis, ankylosing
spondylitis, psoriatic arthropathy, and inflamma-
tory bowel disease (Atzeni et al., 2005). Moreover,
some formulations appear to be a useful adjunct in
AAV (Booth et al., 2004; Feldmann and Pusey,
2000).

Generally, the biologic agents are most often
associated with immediate infusion related adverse

effects, followed infrequency by infectious complica-
tions. For all the different formulations of anti-TNF
therapy (infliximab, etanercept, and adalimumab),
anti-nuclear autoantibodies, antibodies to ds-DNA,
and anti-phospholipid antibodies are reported
to be induced (Ferraro-Peyret et al., 2004; Atzeni
et al., 2005), and a drug-induced systemic lupus
erythematosus syndrome can rarely develop
(Favalli et al., 2002; De Bandt et al., 2005). More
recently, cases of glomerulonephritis and cuta-
neous vasculitis following TNF blockade have
been reported (Roux et al., 2004; Stokes et al.,
2005). The glomerular lesions reported have
included membranous nephropathy, pauci-immune
glomerulonephritis (in association with an anti-
myeloperoxidase ANCA), and lupus nephritis
(Table 1) (Mor et al., 2005; Stokes et al., 2005).
Other biologics used to treat autoimmune diseases,
such as rituximab (anti-CD20) (Salama and Pusey,
2006) and anakinra (interleukin-1 receptor antago-
nist), have not been associated with renal dysfunc-
tion so far.

3.8. Sirolimus

Sirolimus (rapamycin) is a lipophilic macrolide
antibiotic, which binds to FK-binding protein (like
tacrolimus), but has a completely different mode
of action and associated adverse effects. Sirolimus
is currently used primarily in transplantation, but
has been wused occasionally for autoimmune
diseases (Bindl et al., 2005; Nadiminti and Arbiser,
2005; Fernandez et al., 2006), and may be in-
creasingly used in the future as a novel agent
finding a niche. It has been associated with a rapid
decline in renal function and increasing protei-
nuria, in a group of patients with resistant focal
and segmental glomerulosclerosis (Cho et al.,
2007). Additionally, conversion of renal trans-
plant recipients from CNIs to sirolimus has been
associated with development of de novo protei-
nuria in up to 30% of cases (Sennesael et al., 2005),
which is generally reversible. Moreover, sirolimus
has been reported to be associated with the
development of TMA (Barone et al., 2003; Pelle
et al., 2005) and may predispose to myoglobin cast
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Figure 4. Photomicrograph of a renal biopsy section (Hematoxylin and Eosin x 400) demonstrating collapsing glomerulopathy
secondary to pamidronate therapy. The glomerular tuft is shrunken and Bowman’s space is occupied by proliferating epithelial cells.

formation and acute renal failure (Pelletier et al.,
2006) (Table 1).

3.9. Miscellaneous drugs used
in the treatment of autoimmunity

Methotrexate can rarely be nephrotoxic as a result
of precipitation of the drug in the renal tubules,
leading to tubulointerstitial damage, but this
seems to occur at doses used in the context of
cancer therapy, which are in excess of those
used in the treatment of autoimmune diseases.
Therapy with carboxypeptidase G2, which cata-
bolizes methotrexate, appears to be effective
in preventing ongoing toxicity (Widemann and
Adamson, 2000).

Allopurinol, a xanthine oxidase inhibitor, which
decreases uric acid formation, is used as prophy-
laxis to prevent gout and has rarely been
associated with the development of interstitial
nephritis (Handa, 1986; Baker and Pusey, 2004).

Pamidronate, a bisphosphonate used for the
treatment of malignant hypercalcemia, as well as
prophylaxis for pulsed steroid-induced osteoporo-
sis, has been associated in a small number of

patients with tubular damage and a glomerular
sclerotic lesion. Following prolonged therapy
(up to 2 years) with high-dose pamidronate, a
nephrotic syndrome developed as the result of a
collapsing variant of focal and segmental glomeru-
losclerosis (see Fig. 4) (Markowitz et al., 2001;
Kunin et al., 2004). The doses required to induce
the lesion are highly variable, suggesting that other
factors are critically important in determining the
susceptibility to this complication. Used at the
recommended doses, renal toxicity is infrequent
and other oral preparations commonly used for
prophylaxis have not been associated with this
condition.

4. Conclusions

Renal toxicities are found with many agents used
to treat autoimmune disease. Individual drugs may
produce particular patterns of dysfunction, which
are now well recognized. Newer agents or novel
combinations of drugs may yet produce renal
complications, which we must remain vigilant to
identify.
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Key points

Renal toxicity from immunomodulatory

agents

e Many standard agents used to treat
autoimmunity are associated with renal
toxicity

e Newer agents or combinations of agents
may also lead to renal toxicity but are yet
to be recognized

e Regular monitoring of renal function and
urine dipstick testing should be carried
out in patients treated with immunomo-
dulatory agents

e Specific pathologies can only be con-
firmed on renal biopsy

e Renal dysfunction or persistent unex-
plained urinary abnormalities should
prompt referral to a nephrologist
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1. Introduction

The ANCA-associated small-vessel vasculitides
comprise a group of disorders characterized by
necrotizing small-vessel vasculitis, with a paucity of
immune deposits, in conjunction with autoanti-
bodies against neutrophil cytoplasmic constituents,
in particular proteinase 3 (PR3) and myeloperoxi-
dase (MPO). Glomerulonephritis, with fibrinoid
necrosis and crescent formation, is common
(Jennette et al., 1994; Jennette and Falk, 1997;
Morgan et al., 2006; Bosch et al., 2006). The
ANCA-associated systemic vasculitides (ASV) have
been defined by the Chapel Hill Consensus Con-
ference (Jennette et al., 1994, Table 1). They include
Wegener’s granulomatosis (WG), microscopic
polyangiitis (MPA), and its renal limited form
(idiopathic necrotizing and crescentic glome-
rulonephritis (iNCGN)), and the Churg-Strauss
Syndrome (CSS).

There is increasing evidence that ANCA are
involved in the pathogenesis of their associated
diseases. This evidence is based not only on clinical
correlations between the autoantibodies and these
vasculitides, but also on a multitude of in vitro and
in vivo experimental data. In this chapter, 1 will
discuss current views on the pathogenesis of ASV.
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First, T will review data from clinical studies
supporting a role for ANCA in the pathogenesis
of ASV. Secondly, in vitro studies will be discussed
that relate to mechanisms by which ANCA can
induce vasculitis and glomerulonephritis.

Finally, I will discuss in vivo experimental
models, both for PR3-ANCA associated vasculitis
and for MPO-ANCA associated vasculitis/glomer-
ulonephritis. Based on the data presented, conclu-
sions will be drawn as to the current view on the
etiopathogenesis of ASV.

Table 1

Classification of the idiopathic vasculitides as proposed by an
international study group at the Chapel Hill Consensus
Conference on the Nomenclature of Systemic Vasculitis®

1. Large vessel vasculitis
1. Giant cell (temporal) arteritis
2. Takayasu arteritis

II. Medium-sized vessel vasculitis
1. Polyarteritis nodosa
2. Kawasaki disease

II1. Small-vessel vasculitis
1. Wegener’s granulomatosis
. Churg-Strauss syndrome
. Microscopic polyangiitis
. Henoch Schénlein purpura
. Essential cryoglobulinemic vasculitis
. Cutaneous leukocytoclastic angiitis

AN AW

% Adapted from Jennette et al. (1994).
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2. ANCA and the idiopathic small-vessel
vasculitides: clinical correlates

2.1. Sensitivity and specificity of ANCA for
the idiopathic pauci-immune small-vessel
vaculitides

Autoantibodies directed against neutrophil cyto-
plasmic constituents were first described by Davies
et al. (1982) in a few patients with segmental necro-
tizing glomerulonephritis. These findings got largely
unrecognized until 1985 when Van der Woude et al.
described autoantibodies to neutrophil cytoplasm
in patients with WG. These autoantibodies, later
on designated as cytoplasmic anti-neutrophil cyto-
plasmic autoantibodies (c-ANCA), were highly
sensitive (93%) and specific (97%) for (active)
WG (Van der Woude et al., 1985; Cohen Tervaert
et al, 1989). c-ANCA produce a cytoplasmic
staining pattern with accentuation of the area
within the nuclear lobes, by indirect immunofluore-
scence (IIF) on ethanol-fixed neutrophils. Shortly
after their detection, autoantibodies were described
that produced a perinuclear staining pattern on
this substrate (p-ANCA) (Falk and Jennette, 1988,
Fig. 1). These latter autoantibodies, which occurred
in patients with pauci-immune crescentic glomeru-
lonephritis, were identified as being directed to

MPO (Falk and Jennette, 1988). Shortly thereafter,
the target antigen of c-:ANCA in WG was identified
as proteinase 3 (PR3), a third serine protease from
neutrophils besides elastase and cathepsin G
(Goldschmeding et al., 1989; Jenne et al., 1990;
Niles et al., 1989). Identification of MPO and PR3
as target antigens for ANCA in the vasculitides has
allowed the development of antigen-specific assays
for standardized qualitative and quantitative assess-
ment of the autoantibodies (Savige et al., 2000).
Standardization of assays is, however, still a matter
of concern. Further studies showed that PR3-
ANCA and MPO-ANCA characterize a group of
patients with small-vessel vasculitis in which, in
contrast to Henoch—Schonlein purpura and cryo-
globulinemia small-vessel vasculitis, immune depos-
its are generally absent (pauci-immune) (Fig. 2).
The presence of either PR3-ANCA or MPO-
ANCA proved, in a meta-analysis (Rao et al., 1995)
and a large European study (Hagen et al., 1998), to
have a sensitivity of 75-91% for active pauci-
immune vasculitis/glomerulonephritis and a speci-
ficity as high as 98%. PR3-ANCA positive patients
differ from MPO-positive patients in various ways.
The former show much more granuloma formation
in their lesions, involvement of more organ systems,
a faster decline in renal function, and more frequent
relapses (Franssen et al., 2000). Thus, PR3-ANCA

Figure 1. Staining of cytoplasmic components of ethanol-fixed neutrophils by indirect immunofluorescence (I1F) using a serum sample
from a patient with active Wegener’s granulomatosis (WG) and antibodies to proteinase 3. A characteristic cytoplasmic pattern of
fluorescence (c-ANCA) is seen (left). This fluorescence pattern is different from the perinuclear pattern that can be produced by serum

samples from patients with anti-MPO antibodies (p-ANCA) (right).
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Figure 2. Necrotizing crescentic glomerulonephritis (left, silver staining) with paucity of immune deposits (right, direct

immunofluorescence for I1gG).

Table 2
Disease associations of PR3-ANCA and MPO-ANCA

Disease entity Sensitivity of

PR3-ANCA MPO-ANCA
(%) (%)
Wegener’s 70-80 10
granulomatosus
Microscopic polyangiitis 30 60
Idiopathic crescentic 30 64
glomerulonephritis
Churg—Strauss <5% 40
syndrome

and MPO-ANCA are markers for different disease
expressions. As such, PR3-ANCA is much more
frequent in WG, defined as granulomatous inflam-
mation of the respiratory tract and small-vessel
necrotizing vasculitis including necrotizing glome-
rulonephritis, according to the Chapel Hill Consen-
sus Conference (Jennette et al., 1994). MPO-ANCA
is predominant in MPA, defined as small-vessel
necrotizing vasculitis, in which necrotizing glomer-
ulonephritis and pulmonary capillaritis are com-
mon (Jennette et al., 1994, Table 2). As shown in
the table, only around 40% of patients with CSS
are ANCA-positive, mostly MPO-ANCA. Interest-
ingly, ANCA-positive patients with CSS present
with small-vessel vasculitis clinically manifested
as mononeuritis multiplex, purpura and glomer-
ulonephritis, whereas the ANCA-negative CSS
patients predominantly show tissue infiltration with

Table 3

A hypothetical spectrum of Churg-Strauss Syndrome as based
on the presence of anti-neutrophil cytoplasmic autoantibodies
(ANCA)

ANCA-associated subset ANCA-negative subset

Clinical associations Clinical associations

Necrotizing Nasal polyposis
glomerulonephritis Pulmonary infiltrates
Purpura Cardiomyopathy

Pulmonary hemorrhage
Mononeuritis multiplex

Mono-/polyneuropathy
Eosinophilic gastritis/

enteritis
Histopathology Histopathology
Small-vessel vasculitis Tissue infiltration with
eosinophils

Pathogenesis
ANCA-related

Pathogenesis
Toxic products from
eosinophils

eosinophils (Sinico et al., 2005; Sable-Fourtassou
et al., 2005). This suggests a dichotomy of CSS into
two separate disease entities (Table 3, Kallenberg,
2005).

Thus, ANCA directed to PR3 or MPO are
very sensitive and highly specific for pauci-immune
small-vessel systemic vasculitides. This already
suggests a pathogenic role for the autoantibodies.
A recent observation has strongly supported a
pathogenic role for MPO-ANCA in vivo (Schlieben
et al., 2005). It relates to the development, 48 h after
delivery, of a pulmonary—renal syndrome in a child
born to a woman who got a relapse of MPO-
ANCA positive MPA during pregnancy. As the
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cord blood tested positive for MPO-ANCA, this
observation strongly suggested that IgG-class
MPO-ANCA alone can induce the symptoma-
tology of MPA.

2.2. Do levels of ANCA follow disease
activity in ASV?

A second argument, from a clinical point of view,
for a pathogenetic role of ANCA could be found in
the relation between changes in levels of the
autoantibodies and disease activity of the associated
disorders. Initial observations (Van der Woude
et al., 1985; Cohen Tervaert et al., 1989) already
showed that ANCA are more frequently present
during active disease than during remission. This
has particularly been demonstrated for PR3-
ANCA. Nevertheless, conflicting results have been
presented for the potential of ANCA titers to
predict upcoming relapses (reviewed by Stegeman,
2005; Birck et al., 2006). Discrepancies between
studies are largely due to methodological short-
comings of the studies and methodological hetero-
geneity in the assays performed. In the only large
size prospective study (Boomsma et al., 2000)
relating titers of (PR3-)ANCA to disease activity
in WG, 86 patients were followed for 24 months
and sampled at least every 2 months. ANCA were
tested by IIF and by ELISA for anti-PR3. A
significant rise was defined as a fourfold increase in
titer by IIF and a 75% increase by ELISA. Twenty-
six out of the 33 relapses, that occurred during the
24 months, were preceded by a rise in anti-PR3
(ELISA), and only 17 by a rise in ANCA as
assessed by ITF. Otherwise, 12 out of 38 rises in
anti-PR3 by ELISA and 13 out of 30 rises in ANCA
by IIF were not followed by a relapse. Thus,
changes in levels of ANCA are certainly related to
ensuing disease activity (sensitivity 71%, specificity
71%), but the relation is not perfect (Fig. 3).

2.3. Induction of ANCA

Presently, we do not know how ANCA are induced.
Also, hardly any data are available demonstrating
that the development of the autoantibodies
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Figure 3. Percentage of patients with WG who did not
experience disease relapses in the indicated time period after a
rise in antineutrophil cytoplasmic antibodies as measured by
either IIF (n=30) or antigen-specific enzyme-linked immuno-
sorbent assay (ELISA; n=38). The numbers above the
horizontal axis indicate the number of patients who were still
at risk for a relapse at 6, 12, 18, 24, and 30 months after the rise
in antibody levels as detected by ELISA (upper numbers) or IIF
(lower numbers). (From Boomsma et al., 2000.)

precedes the clinical expression of the associated
discases. As in many autoimmune diseases, both
endogenous and exogenous factors seem to be
involved. Various genetic factors, including
HLA-genes, have been suggested to be involved
(Kallenberg et al., 2002), but no particular (poly-
morphic) gene has shown a consistent and strong
association with the autoantibodies or the ASV.
With respect to exogenous factors, various reports
have indicated that silica exposure is a risk factor
for developing ASV (Cohen Tervaert et al., 1998).
In addition, certain drug therapies, particularly
propylthiouracil and hydralazine, are associated
with the development of MPO-ANCA (Slot et al.,
2005). Around 50% of patients who develop MPO-
ANCA following propylthiouracil treatment pre-
sent with vasculitis-like disease, particularly those
patients with high-titer and high-affinity MPO-
ANCA (Ye et al., 2005). Also, in contrast to drug-
induced lupus, ANCA persist in most cases after
the drug has been stopped. The mechanisms
underlying drug-induced MPO-ANCA production
are, however, far from clarified.

With respect to the possible induction of PR3-
ANCA, interesting observations have recently
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been made by Pendergraft et al. (2004). They
observed that some patients with PR3-ANCA
associated vasculitis also have antibodies to a
peptide translated from the middle portion of the
antisense DNA strand of PR3 (the protein encoded
by the antisense DNA strand was called comple-
mentary PR3 (cPR3)). PR3 was shown to bind to
cPR3 which led the authors to hypothesize that
immunization with cPR3 could induce antibodies
that, by idiotypic—antiidiotypic interaction, could,
possibly, result in antibodies to PR3. Indeed, mice
immunized with cPR3 not only developed anti-
bodies to cPR3 but also to PR3. Thus, an immune
response to (peptides of) cPR3 might result in an
autoimmune response to PR3. Interestingly, pep-
tides from several micro-organisms, including
Staphylococcus aureus, show strong homology with
peptides of cPR3 (Pendergraft et al., 2004). As
carriage of S. aureus is strongly associated with
persisting of PR3-ANCA and relapsing disease in
patients with WG (Stegeman et al., 1994) the
bacterium might be involved in the PR3-specific
autoimmune response. Further studies have to
prove the significance of this concept of cPR3.

As mentioned, nasal carriage of S. aureus has
been associated with relapsing disease in WG
(Stegeman et al., 1994, Fig. 4). The mechanisms
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Figure 4. Disease-free interval and carrier status. Disease-free
interval of 57 patients with WG grouped according to
Staphylococcus aureus carrier status. The time of disease free-
interval was counted from the beginning of the most recent
period of disease activity (either initial diagnosis or relapse;
2<0.001). (From Stegeman et al., 1994.)

underlying this association have not been eluci-
dated but specific (see above) and non-specific,
possibly via S. aureus derived superantigens,
stimulation of the inflammatory autoimmune
response has been suggested (Popa et al., 2003).

3. ANCA and the small-vessel vasculitides:
in vitro evidence for pathogenicity

Falk et al. (1990) were the first to demonstrate that
polymorphonuclear granulocytes (PMN) can be
activated by ANCA, resulting in their production
of reactive oxygen species and release of lysosomal
enzymes. In order to be activated by ANCA, PMN
must express the major target antigens of ANCA,
namely PR3 and MPO, on their membrane.

3.1. Membrane expression of PR3 and
MPO on neutrophils

In the original study by Falk et al. (1990) it was
shown that PMN need to be primed before they
can be activated by ANCA. Priming is a process of
pre-activation that can be accomplished in vitro
with low doses of proinflammatory cytokines, such
as tumor necrosis factor-a (TNF-o), interleukin-1
(IL-1), or IL-8, and results in surface expression of
the target antigens of ANCA, in particular PR3
and MPO.

Some years ago, it became apparent that, besides
being translocated to the cell membrane by proin-
flammatory stimuli, PR3 can also be constitutively
present on the PMN membrane. Non-primed
PMN, in vitro, can express PR3 (so-called mem-
brane PR3 or mPR3) either on the total population
or on a subset of PMNs (Fig. 5). Individuals can be
categorized according to their pattern of mPR3
expression into individuals in whom nearly all
PMN express mPR3, individuals with PMN not
or hardly expressing mPR3, and individuals in
whom two sets of PMN are present, one subset
without and one subset with mPR3 expression
(Halbwachs-Mecarelli et al., 1995; Witko-Sarsat
et al., 1999; Rarok et al., 2002; Schreiber et al.,
2003). This pattern of expression, which is specific
for PR3 and not seen for MPO and elastase,
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Figure 5. Patterns of PR3 expression on the surface of resting neutrophils as analyzed by flow cytometry. The bold line represents
staining with monoclonal anti-PR3 antibody; the thin line indicates non-specific binding of an isotype-matched control. Neutrophils
can be negative (left) or positive (middle) for membrane PR3-expression. In some individuals part of the neutrophils are positive and
part are negative for membrane PR3-expression. (From van Rossum et al., 2003.)

appears genetically determined (Schreiber et al.,
2004).

Interestingly, the frequency of mPR3-expressing
PMN and the level of mPR3 expression on non-
primed PMN was higher in patients with WG than
in controls (Witko-Sarsat et al., 1999; Rarok et al.,
2002; Schreiber et al., 2003). Also, increased mPR3
expression in patients with WG was associated with
an increased incidence and rate of relapse (Rarok
et al., 2002, Fig. 6). How can this genetically
determined factor be involved in disease expression
of WG? Further studies have shown that mPR3
expressing, non-primed PMN can be activated by
ANCA without further priming (Van Rossum
et al., 2004), and that mPR3-expressing PMN from
patients with ASV show significantly more super-
oxide generation upon stimulation with ANCA
than PMN with low mPR3 expression (Schreiber
et al., 2004).

It should be noted that all of the above
mentioned studies have been performed in vitro.
A recent paper (Abdel-Salam et al., 2004) has
suggested that in vivo binding of PR3-ANCA to
PMN hardly occurs, due to a very low affinity of
PR3-ANCA towards membrane-bound PR3.
Using persons with PMN with bimodal expression
of mPR3, van Rossum et al. showed, however, that
PR3-ANCA in undiluted plasma bound strongly to
mPR3 expressing PMN and not to PMN that did
not express mPR3 (Van Rossum et al., 2005a, b).
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Figure 6. Relapse free survival in WG patients with monomodal
low (@, n=32), monomodal high (O, n=31) and bimodal (H,
n=26) mPR3 expression. (From Rarok et al., 2002.)

Thus, mPR3 expression seems, also in vivo, a
relevant phenomenon.

3.2. Pathways involved in ANCA-induced
PMN activation

As discussed, ANCA-induced PMN activation
requires the expression of PR3 and MPO on the
neutrophil membrane. This can be induced by
priming with low doses of proinflammatory cyto-
kines which results, at least for PR3, in differential
expression of mPR3 (Van Rossum et al., 2005a, b).
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Priming is a process that prepares the neutrophil
for an appropriate response to a subsequent
stimulus and includes, besides expression of the
target antigens of ANCA on the neutrophil
membrane, a wide range of effects (Rarok et al.,
2003, Table 4).

The pathways involved in ANCA-induced PMN
activation have not been fully elucidated. Besides

Table 4
Effects of priming concentrations of TNFo on the neutrophil

Degranulation of specific granules and secretory vesicles
Up-regulation of PR3 expression on the cell surface
Up-regulation of f3, integrins on the cell surface
Clustering of FcyRIla and f3, integrins

Up-regulation of cell surface fMLP receptors

NADPH oxidase complex formation

Shedding of L-selectins from the neutrophil surface

Source: From Rarok et al. (2003).
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specific binding to membrane expressed PR3/
MPO, interaction with Fcy-receptors seems impor-
tant. Initial studies have shown that the Fcy-RIIA
is of major importance as blocking antibodies to
this receptor are able to prevent PMN activation
by ANCA (Porges et al., 1994; Mulder et al.,
1994).

Other studies have shown that the FcyRIIIB is
also involved in the initial phase of ANCA-
induced PMN activation (Kocher et al., 1998;
Ben-Smith et al., 2001). Nevertheless, Kettritz
et al. (1997) have suggested that F(ab’), fragments
of ANCA alone, but not Fab fragments, are able
to induce some neutrophil activation although
Fcy-receptor interaction contributes significantly
to further activation. The signal transduction
routes triggered by ANCA have not been fully
elucidated. Fig. 7 depicts the various steps that are
probably involved (Rarok et al., 2003). It starts
with the priming event which leads to surface
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Figure 7. Signal transduction pathways involved in neutrophil activation by ANCA. (A) Activation by monomeric ANCA;
(B) activation by ANCA-containing immune complexes; (C) hypothetical mechanism of neutrophil activation by monomeric ANCA,
involving ‘‘activation clusters.” Abbreviations: ANCA, antineutrophil cytoplasm antibodies; CYT bS58, cytochrome bssg; ERK,
extracellular signal-regulated kinase; FcyR, Fcy receptor; ICX, immunecomplex; MAPK, mitogen-activated protein Kkinase;
MPO, myeloperoxidase; PI3-K, phosphatidylinositol-3-kinase; PKB, protein kinase B; PKC, protein kinase C; PLD, phospholipase
D; PR3, proteinase 3; TNFo, tumor necrosis factor-o; TNFR1, TNFo receptor-1. Unknown or hypothetical pathways are indicated

with a question mark.
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expression of the ANCA antigens and NADPH
oxidase complex formation. Next, three scenarios
are possible. The first one starts with the simulta-
neous engagement of membrane expressed PR3/
MPO by the F(ab’), binding regions of ANCA and
the FcyRITA by the Fc-part of the autoantibody.
The second one starts with complexed PR3-ANCA/
PR3 or MPO-ANCA/MPO that interacts with the
FcyRIla on neutrophils. The third pathway uses an
activation cluster consisting of FcyRITA, FcyRIIIB,
and the integrins CD11b/CD18. All these pathways
finally result in the oxidative burst.

With respect to the interaction between
Fc-fragments of ANCA and Fcy-receptors on
neutrophils, it is relevant to note that subclasses
of IgG differentially interact with Fcy-receptors.
IgG3-subclass interacts most strongly with the
second Fcy-receptor. Mulder et al. (1995), indeed,
showed that IgG3-subclass ANCA were more
potent at inducing a neutrophil respiratory burst.
Clinically, several reports showed the IgG3-
subclass of ANCA to be associated with acute
phases of the disease and renal involvement.

3.3. ANCA, neutrophils, and endothelial
cells

Generally, neutrophils are not activated by mono-
meric ANCA in the circulation, but they must bind
first to the vessel wall and migrate through the
endothelial cell layer. In vitro, activation of PMN
by PR3- or MPO-ANCA is strongly impaired
when PMN adhesion is prevented by stirring or
by addition of a blocking anti-CD18 antibody
(Reumaux et al., 1995). Otherwise, ANCA can
directly induce firm adhesion of rolling PMN as
shown in a flow-based adhesion system using a
monolayer of activated platelets (Radford et al.,
2000). The same authors demonstrated that
ANCA are able to induce transmigration of PMN
through endothelial cells as studied in a flow
system (Radford et al., 2001). Both adhesion and
transmigration are f,-integrin dependent as they
can be blocked by anti-CD11b/CDI18 antibodies,
and transmigration is reduced by blockade of
the chemokine receptor CXCR2 (Calderwood
et al., 2005).

Previous studies had already shown that, in
vitro, incubation of ANCA, (primed) PMN, and
endothelial cells led to endothelial damage (Savage
et al., 1992). Furthermore, in vitro incubation of
endothelial cells with PR3 induces production of
interleukin-8 (IL-8), endothelial cell apoptosis, and
endothelial cell detachment and lysis (Berger et al.,
1996; Yang et al., 1996; Ballieux et al., 1994). IL-8
production has, indeed, been shown in renal
biopsies from patients with ASV (Cockwell et al.,
1999) and activated PMN are the major effector
cells in glomeruli of these patients (Brouwer et al.,
1994).

Taken together, in vitro data strongly support a
pathogenic role for PR3-ANCA and MPO-ANCA.
In the most likely scenario, neutrophils, once rolling
over the endothelial surface, become primed,
express PR3/MPO, and interact with ANCA. This
interaction leads to firm adhesion (of PMN),
transmigration, and also local endothelial damage,
all compatible with necrotizing vasculitis and
glomerulonephritis. Indeed, numbers of circulating
endothelial cells strongly increase during active
vasculitis, and can be used as markers for disease
activity (Woywodt et al., 2003). Furthermore, these
circulating endothelial cells express inflammatory
molecules, including neutrophil-activating chemo-
kines, contributing to neutrophil activation and
migration (Holmén et al., 2005). These inflamma-
tory endothelial cells suppress the functional
capacity of endothelial progenitor cells which are
instrumental in repairing damaged blood vessels in
vasculitis (Holmeén et al., 2005).

4. Pathogenicity of ANCA: in vivo
experimental evidence

Although the in vitro findings suggest that ANCA
are potentially pathogenic, in vivo experimental
models are clearly needed to further analyze how
these autoantibodies can induce specific lesions in
intact animals.

A number of animal models have been deve-
loped, mostly with anti-MPO antibodies. As part
of a polyclonal autoimmune response anti-MPO
were generated in rats exposed to mercuric chloride
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ischemia

subnephritic dose
of anti-GBM

Figure 8. Schematic representation of the animal models for anti-MPO associated vasculitis based on immunization of Brown Norway
rats with human MPO. (1) Unilateral renal perfusion of a PMN lysosomal extract and H,O, in MPO-immunized rats leads
to necrotizing crescentic glomerulonephritis. (2) Unilateral renal perfusion of a PMN lysosomal extract without H,O, followed by
clamp ischemia in MPO-immunized rats also leads to necrotizing crescentic glomerulonephritis. (3) Systemic injection of a PMN
lysosomal extract and H,O, in MPO-immunized rats leads to necrotizing vasculitis in the lungs and gut but not in the kidneys.
(4) Subnephritogenic anti-GBM disease is aggravated in MPO-immunized rats. (From Heeringa et al., 1998.)

(Mathieson et al., 1992). These rats developed
necrotizing leukocytoclastic vasculitis in various
organs, particularly the guts, but, due to the poly-
clonal nature of the autoimmune response, the
pathogenic potential of anti-MPO is not clear in
this model. A polyclonal response including
anti-MPO was associated with the spontaneous
development of rapidly progressive crescentic
glomerulonephritis and necrotizing vasculitis in
an inbred strain of mice, derived from (BXSB x
MRL/Mp-lpr/lpr) F1 hybrid mice (Kinjoh et al.,
1993). Again, the specific pathogenic role of anti-
MPO in this model is not clear.

Immunization of Brown-Norway rats with
human MPO in complete Freund’s adjuvant
resulted in the development of antibodies to human
MPO cross-reacting with rat MPO (Brouwer et al.,
1993). Lesions did not develop in these rats.
However, perfusion of the kidney with products
of activated PMN, including proteolytic enzymes,
MPO, and its substrate H,O,, resulted in pauci-
immune crescentic glomerulonephritis. In control-
immunized rats that were perfused with the same
substances, no lesions were apparent (Brouwer

et al., 1993). To further prove the phlogistic poten-
tial of anti-MPO antibodies, MPO-immunized rats
were also injected with a subnephritogenic dose of
rabbit anti-glomerular basement membrane (GBM)
antibodies. Whereas control immunized rats devel-
oped only minor lesions, rats with anti-rat MPO
antibodies showed severe renal lesions with
fibrinoid necrosis and crescent formation in the
glomeruli (Heeringa et al., 1996). A schematic
overview of these rat models that show the patho-
genic potential of the anti-MPO response, is given
in Fig. 8 (Heeringa et al., 1998).

The most convincing evidence for the pathogenic
potential of MPO-ANCA comes from a recent
animal model using MPO-deficient mice to gene-
rate an MPO-directed immune response (Xiao
et al., 2002). Immunization of these MPO-deficient
mice with mouse MPO led to the development of
anti-MPO antibodies. Transfer of spleen cells from
these MPO-immunized mice into immunodeficient
(Rag2_/ 7) mice led to the development of pauci-
immune necrotizing crescentic glomerulonephritis,
pulmonary capillaritis, and systemic vasculitis
in the recipients (Fig. 9). Transfer of IgG from
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Figure 9. Glomerular lesions in Rag2™/~ mice 6 days after receiving anti-MPO IgG. (a) Glomerulus with no lesion. (b) Segmental
fibrinoid necrosis (arrow). (c) Segmental fibrinoid necrosis with an adjacent small cellular crescent (arrow). (d) Large circumferential
cellular crescent (between arrows) completely surrounding a glomerulus. (¢) Immunofluorescence microscopy for fibrin showing
prominent staining corresponding to segmental necrosis and crescent formation. (f) Immunofluorescence microscopy for IgG showing a
paucity of segmental staining corresponding to an area of segmental necrosis. Masson trichrome staining for light microscopy is shown.

(From Xiao et al., 2002.)

MPO-immunized MPO-deficient mice alone into
wild type mice resulted in focal necrotizing
glomerunephritis in the recipients (Xiao et al.,
2002). Pretreatment of the recipients with lipo-
polysaccharide (LPS) resulted in more diffuse
necrotizing and crescentic glomerulonephritis
(Huugen et al., 2005). Supposedly, priming of
neutrophils and endothelial cells with LPS pre-
pares neutrophils for the activating effect of
MPO-ANCA.

This mechanism was further explored by Little
et al. (2005). They induced an immune response to
autologous MPO in rats by immunization with
human MPO (in complete Freund’s adjuvant).
Rats developed pauci-immune systemic vasculitis.

Using intravital microscopy on mesenteric venules
(Fig. 10) they showed that MPO-ANCA contain-
ing IgG was able to induce firm adhesion and
transmigration of leukocytes. Administration of
the chemokine CXCLI1 led to extensive micro-
vascular hemorrhage. Blockade of TNF by anti-
TNFo antibodies resulted in a 43% inhibition of
leukocyte transmigration in this model (Little
et al., 2006). The essential role of neutrophils in
MPO-ANCA associated glomerulonephritis was
also demonstrated in the model of Xiao et al.
(2002) described before. In this model, mice that
were depleted of neutrophils were completely
protected from anti-MPO induced glomerulo-
nephritis (Xiao et al., 2005).
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Figure 10. ANCAs induce postcapillary venular hemorrhage. Intravital microscopy was performed on WKY rats 6-7 weeks after
immunization with hMPO (EAV rats) or HSA (control rats) (C) or on naive WKY rats with infusion of ANCA-rich or ANCA-negative
Ig (D). A representative macroscopic image of petechiae around a mesenteric arcade is shown in panel A (x4; image captured with a
Canon IXUS 400; Canon, Tokyo, Japan). The microscopic appearance of this is shown in panel B (H&E stain, UplanApo 20x/0.70
NA). In the active immunization model (C), superfusion with 3 x 10~ M CXCLI was maintained for 90 min, and hemorrhage was
quantified by expressing the number of hemorrhagic venular segments as the percentage of total segments studied at each time point.
The data represent the median, interquartile range (box), and range (error bars, n=11 in control group and 13 in EAV group). Of note,
although minor degrees of hemorrhage were seen in the control group, the median remained at zero throughout the experiment. In the
passive transfer model (D) superfusion fluid was changed in some experiments from Tyrode solution to CXCL1 30 min after Ig infusion,
and hemorrhage was quantified after a further 90 min using a global mesenteric visual/analog score (n=4-10 separate rats in each
group). Statistically significant differences between groups of rats are shown by asterisks, *P<.05. Data in panels C and D are
mean+SEM. (From Little et al., 2005.)

Taken together, the animal models described
in this section strongly support the unique role of
MPO-ANCA in the development of small-vessel
necrotizing  vasculitis/glomerulonephritis.  The

mechanisms involved primarily focus on ANCA-
induced neutrophil-endothelial interactions. In
contrast to MPO-ANCA associated vasculitis, a
satisfying model for PR3-ANCA associated
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vasculitis with characteristics of human WG is
not yet available. Pfister et al. (2004) aimed to
develop a model for PR3-ANCA associated
vasculitis by immunizing mice deficient for PR3
and eclastase with mouse PR3. Mice developed
anti-PR3 antibodies that were able to bind to
primed mouse neutrophils. Transfer of PR3-
ANCA containing IgG from these mice into wild
type mice did not, however, induce (systemic)
vasculitis. They only observed local increase of
inflammation after subcutancous injection of
TNFua in recipients of PR3-ANCA containing IgG
compared to control IgG. So, in contrast to MPO-
ANCA associated disease, an adequate animal
model for PR3-ANCA associated WG is not yet
available.

5. Pathogenesis of ANCA-associated
small-vessel vasculitis: contribution of
cell-mediated immunity

The presence of T-cell infiltrates in granulomatous
lesions, vasculitic areas, and affected kidneys in
WG (Bolton et al., 1987), as well as the possibility
of obtaining remission in refractory WG patients
by treatment with humanized monoclonal anti-
bodies specific to lymphocyte CD52 and CD4
antigens, or with rabbit anti-thymocyte globulin
(Lockwood et al., 1996; Hagen et al., 1995),
support the view that T-cells play a major role in
the pathogenesis of WG. Indeed, increased serum
levels of T-cell activation markers such as soluble
interleukin-2 receptor (sIL-2R), soluble CD4, and
soluble CD30 have been found in (PR3-) ANCA
associated vasculitis with higher levels in patients
with active disease (Schmitt et al., 1992; Wang
et al., 1997). Upregulation of activation markers,
such as CD25 and HLA-DR, on circulating T-cells
is present in patients with active disease but also
in patients in remission (Popa et al., 1999). These
cells were shown to be mainly effector memory
cells (Abdulahad et al., 2006). Also in lesional
tissue from the respiratory tract in WG, acti-
vated memory T-cells have been detected (Balding
et al., 2001). Both T-helper-1 and T-helper-2
phenotypes have been described. So, effector

memory cells seem operative in (PR3-)ANCA
associated vasculitis.

The target antigens of these effector memory
cells have not been defined. Previous studies have
shown that, in vitro, lymphocytes from patients
with either PR3-ANCA or MPO-ANCA prolifer-
ate in response to the autoantigens, but only slight
differences were noted between patients and con-
trols and no consistent results were obtained
(reviewed by Lamprecht, 2005). Also, no particular
immunodominant peptides have been detected
(Van der Geld et al., 2000).

What in vivo experimental evidence is available
to support a role for T-cells in the pathogenesis of
ASV? Recent experimental data point to a role of
CD4 " effector cells in the pathogenesis of ANCA-
associated glomerulonephritis. In an experimental
model in mice, Ruth et al. (2006) induced crescentic
glomerulonephritis by generating an autoimmune
response to mouse-MPO and recruiting neutrophils
to glomeruli by injecting anti-GBM antibodies.
Depleting CD4™ T-cells in these mice after induc-
tion of the MPO-specific autoimmune response but
before recruiting neutrophils resulted in a strong
attenuation of glomerular crescent formation
despite anti-MPO levels being comparable to those
in non-depleted mice. So, effector CD4" T-cells
contribute to tissue injury in MPO-ANCA vascu-
litis/glomerulonephritis. Taken together, clinical, in
vitro, and in vivo experimental data strongly
suggest that effector T-cells are involved in the
pathogenesis of ASV. Their precise targets await
further studies.

6. Conclusions

Clinical data demonstrate a close association
between PR3-ANCA/MPO-ANCA and the pauci-
immune small-vessel systemic vasculitides. Also, the
dynamics of these autoantibodies correlate with
changes in disease expression over time. Although
we do not know how the autoantibodies and the
diseases are induced, molecular mimicry between
peptides complimentary to autoantigens and micro-
bial peptides may play a role. The role of T-cells is
less well delineated.
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In vitro studies all point to a pathogenic role for
PR3-ANCA and MPO-ANCA. The autoantibodies
can enhance neutrophil-endothelial interactions
and neutrophil activation at the endothelial
interface, resulting in endothelial damage. Recent
models of MPO-ANCA associated vasulitis/
glomerulonephritis have clearly demonstrated the
pathogenic role of MPO-ANCA in vivo. These
studies have also shown that ANCA-induced
neutrophil-endothelial interactions play a domi-
nant role in vivo. These models can explain the
pathogenesis of MPO-ANCA associated MPA.
Until now, no satisfactory model is available for
PR3-ANCA associated WG.

In summary, much progress has been made in
the eclucidation of the pathogenesis of ANCA-
associated vasculitis, but many questions still
remain.

Key points

e ANCA directed against proteinase 3 (PR3)
or myeloperoxidase (MPO) are strongly
associated with the pauci-immune small-
vessel vasculitides; PR3-ANCA are more
frequently present in Wegener’s granulo-
matosis (WG) and MPO-ANCA in micro-
scopic polyangiitis.

e Changes in levels of ANCA are related to
ensuing disease activity (sensitivity 71%,
specificity 71%), but the relation is not
perfect.

e |n vitro experimental data support a
pathogenic role for ANCA: ANCA are
able to activate (primed) neutrophils
which, in the presence of endothelial
cells, leads to damage of the latter cells.

e In vivo experimental data demonstrate
that MPO-ANCA are pathogenic by indu-
cing small-vessel vasculitis including
the kidney; this is less clear for PR3-
ANCA.

e Although cell-mediated immunity is
involved as well in the pathogenesis of
the associated vasculitides, the precise
targets, and underlying mechanisms
have only in part been elucidated.
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CHAPTER 8

ANCA-Associated Vasculitis: Clinical Features and Treatment

David Jayne*
Renal Medicine, Renal Unit, Department of Medicine, Addenbrooke’s Hospital, Cambridge CB2 2QQ, UK

1. Introduction

Primary systemic vasculitis comprises a group of
disorders of unknown cause united by the common
histopathological finding of blood vessel inflam-
mation, necrosis, and thrombosis (Jennette et al.,
1994). The most frequent subgroup of primary
systemic vasculitis is that associated with circula-
ting autoantibodies to neutrophil cytoplasmic
antigens (ANCA), with involvement of micro-
scopic blood vessels without immune deposits in
the vessel walls, “pauci-immune micro-vasculitis™
(Lane et al., 2005a, b). ANCA-associated vasculitis
(AASV) includes the syndromes of Wegener’s
granulomatosis and microscopic polyangiitis
(Hellmich et al., 2007). A minority of patients
with Churg—Strauss angiitis are also ANCA
positive, and a “forme-fruste” of microscopic
polyangiitis, renal-limited vasculitis, is also recog-
nized (Sable-Fourtassou et al., 2005).

Renal involvement in AASV occurs in 70% cases
and is of particular clinical importance because it is
the most common cause of the clinical syndrome of
rapidly progressive glomerulonephritis, accounting
for 4% of the cases of end-stage renal disease, but
this process is reversible if diagnosed early and
treated appropriately. The typical renal lesion of
vasculitis is a glomerular capillaritis leading to a
segmental, necrotizing glomerulonephritis with
epithelioid crescent formation (Hauer et al.,
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2002a, b). Less frequently, this lesion occurs with
arteritis of extra-glomerular vessels in the kidney
(Hauer et al., 2002a, b). It has become increasingly
clear that renal vasculitis is more common with age
and this disease is probably the most common
primary cause of renal failure in the elderly
(Rychlik et al., 2004).

Major current issues in the management of
vasculitis are diagnostic delay, the toxicity of
treatment and its contribution to morbidity and
mortality, and the propensity of AASV to relapse.
The multi-system nature of this chronic, relapsing
disease, the risks of vital organ failure, death, and
treatment toxicity place unique demands on
healthcare systems. Collaborative research net-
works have harmonized and optimized the therapy
of vasculitis and newer therapies are providing
hope for improved outcomes in the future 2005
(Jayne and Rasmussen, 1997).

1.1. Classification of vasculitis

Vasculitis occurs as a primary disease or secondary
to drug reactions, infections, or malignancy. It
may also occur as a component of another auto-
inflammatory disease such as rheumatoid arthritis,
systemic lupus erythematosus (SLE), or Behcet’s
disease. This situation is complicated because
apparent primary systemic vasculitic disorders,
especially microscopic polyangiitis associated with
ANCA, may be triggered by causes of secondary
vasculitis. This has been described for both
infective endocarditis and rheumatoid arthritis.
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Reports of secondary renal vasculitis frequently
involve the elderly, but this has not been system-
atically studied (Ulm et al., 2000).

The terminology of the primary vasculitic
disorders has been defined by consensus statements
and they have been classified according to the
predominant vessel size involved and the presence
or absence of ANCA (Watts et al., 2007; Jennette
et al., 1994). Renal vasculitis is a common feature
of the small-vessel vasculitides, whether or not
ANCA is present. When it occurs in Churg—Strauss
angiitis the features are similar to those in
microscopic polyangiitis; in polyarteritis nodosa,
a glomerulonephritis would reassign the diagnosis
to microscopic polyangiitis (Sinico et al., 2000).
Both giant cell arteritis and Takayasu’s arteritis
involve the aorta and its major branches; large
vessel arteritis in the elderly is ascribed to giant cell
arteritis, but when renal involvement has occurred
there has usually been evidence of a concurrent
small-vessel vasculitis (Muller et al., 2004).

For patients presenting with the syndrome of
rapidly progressive glomerulonephritis, deteriora-
ting renal function, and a crescentic glomerulone-
phritis on biopsy, classification depends on the
nature of the glomerular immune deposits and the
presence of circulating antibodies (Table 1) (Zauner
et al., 2002). Linear immune fluorescence and anti-
glomerular basement membrane antibodies are
characteristic of anti-GBM disease; speckled
deposits of imm