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Purpose of review

A combination of systemic autoimmunity and tissue response to immune injury underlie

renal involvement in lupus erythematosus. In this review, we discuss recent literature

investigating pathogenetic mechanisms of lupus glomerulonephritis.

Recent findings

In lupus glomerulonephritis, glomerular immune complexes were believed to be the

primary mediators of renal disease. Recent studies make it apparent that autoantibodies

of multiple specificities participate in the formation of immune complexes, deposited in

the kidneys. Renal infiltration by T cells, macrophages, and dendritic cells have a

dominant role in the progression of lupus glomerulonephritis leading to renal failure.

Activation of Toll-like receptors modulates autoantibody production and systemic

interferon responses. However, glomerular cell responses to immune injury influence

disease outcome. In addition, new insights on the genetics of susceptibility to end-organ

damage in lupus glomerulonephritis have been discovered. Differential glomerular

responses reflected in gene expression profiles during disease progression provide

potential markers for diagnosis of lupus glomerulonephritis progression and flares.

In addition, studies of end-organ responses provide new targets for therapeutic

interventions.

Summary

Lupus glomerulonephritis is a prototype of immune complex disease mediated by

autoantibodies of multiple specificities, one of which is anti-DNA. Murine models of

spontaneous systemic lupus erythematosus have been critical for understanding the

underlying disease. Recent studies demonstrate that in addition to systemic

autoimmunity, end-organ responses, and end-organ resistance to damage are also

critical in determining disease outcome. This understanding should influence design of

novel therapeutic approaches in systemic lupus erythematosus.
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Introduction

Systemic lupus erythematosus (SLE) is an autoimmune

disorder affecting multiple organ systems including kid-

ney, skin, lung, heart, the hematopoietic system and brain

[1]. Glomerulonephritis leading to severe persistent pro-

teinuria, chronic renal failure and end-stage renal disease

remains one of the most severe complications of SLE and

is associated with significant morbidity and mortality.

Despite intensive investigation, the mechanisms under-

lying renal injury in lupus glomerulonephritis are not

completely understood. In this review, we will discuss

recent literature on autoimmune responses and renal

factors that influence lupus glomerulonephritis. This

article reviews literature on murine models of spon-

taneous lupus glomerulonephritis including the MRL/
opyright © Lippincott Williams & Wilkins. Unauth
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lpr, NZB/W F1, NZM2328, NZM2410 and BXSB-Yaa.

Certain relevant clinical studies from lupus patients are

also discussed.
Pathogenic autoantibodies in lupus
glomerulonephritis
Detection of antinuclear antibodies in serum is one of the

most frequent laboratory tests for diagnosis of SLE. Anti-

dsDNA antibodies are considered a hallmark of SLE and

anti-Sm antibodies have a significant association with

lupus nephritis [2,3]. However, not all anti-dsDNA anti-

bodies can deposit in the kidney, nor has it been possible

to replicate the disease of lupus nephritis with passive

transfer of anti-DNA antibodies [4]. In mice, ability of

anti-DNA antibodies to induce glomerulonephritis and
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DOI:10.1097/BOR.0b013e32832efff1

mailto:sf2e@virginia.edu
http://dx.doi.org/10.1097/BOR.0b013e32832efff1


C

490 Systemic lupus erythematosus and Sjögren’s syndrome
transient proteinuria has been attributed to their cross-

reactivity to glomerular antigens such as alpha actinin and

laminin [5,6]. Deposition of positively charged nucleo-

somes on glomerular basement membrane (GBM) as

targets for autoantibodies has been previously described

[7]. In a recent series of articles, Rekvig and colleagues

[8,9] demonstrate that electron dense deposits are seen

in proteinuric, lupus-susceptible NZB/W F1 mice. These

deposits are oligo-nucleosomes, recognized by anti-

dsDNA reactive monoclonal antibodies, and caused by

ineffective fragmentation and clearance of apoptotic

material in the renal glomerulus. In addition, the authors

provide evidence that the antibodies eluted from the

kidneys of nephritic mice have a higher affinity for DNA

compared with serum anti-DNA antibodies [10]. These

antibodies react specifically with the electron dense

deposits and not with surrounding tissues containing

alpha actinin or laminin [11,12]. It was concluded that

the accumulation of chromatin fragments on the glomer-

ular basement membrane and high-affinity antibodies to

nucleosomal DNA, not cross-reactivity to glomerular

proteins determines pathogenic capacity of anti-DNA

antibodies. One caveat in these studies is that the glo-

merular electron dense deposits were not detectable

before 26 weeks of age at which time the mice had severe

proteinuria indicative of well established lupus glomer-

ulonephritis. In addition, the monospecificity of the anti-

DNA antibodies requires further documentation. Thus,

the specificities of autoantibodies in immune complex

deposits initiating the disease remain to be determined.

Moreover, these results are incongruent with the studies

in NZM2328.Lc4 mice that develop glomerular immune

complex deposits and fatal lupus glomerulonephritis in

the absence of antinuclear or anti-dsDNA antibody in

serum or in IgG eluted from kidney homogenates,

thereby demonstrating that antinuclear or anti-dsDNA

antibodies are not essential for lupus glomerulonephritis

[13].

The absolute requirement for anti-DNA or antinuclear

antibodies in lupus glomerulonephritis is also challenged

by studies from patient samples. Immunoglobulin eluted

from kidney tissue obtained at autopsy from 25 lupus

patients were screened against a panel of 14 different

antigens including dsDNA, chromatin, collagen-like

regions of C1q complement, Sm, SSA, SSB and histones

[14]. A cumulative reactivity to all these antigens in the

different samples ranged from 0.3 to 41.3% of the total

IgG eluted from the respective kidneys. Thus, a large

fraction of renal IgG reacts to unknown antigens. This is

further complicated by potential cross-reactivity to differ-

ent antigens including binding to the blocking agents like

bovine serum albumin, a notorious characteristic of lupus

sera in ELISAs [15]. Indeed, glomerular proteome arrays

show that serum from lupus mice and patients react with

multiple antigens. Identification of antigen clusters from
opyright © Lippincott Williams & Wilkins. Unautho
the glomerular proteome recognized by patient sera may

be a better predictor of disease [16]. In another study

[17��], reactivity of 200 monoclonal antibodies generated

by isolating single IgGþ memory B cells from four lupus

patients and one healthy control showed that 15–26% of

the antibodies were polyreactive between a diverse anti-

gen panel that included ssDNA, dsDNA, LPS, and

insulin. Surprisingly, there was no significant difference

between the patients and controls in the autoreactivity of

the memory IgGþ B cells, implying that polyreactive

autoantibody populations are a common occurrence in

all individuals. However, this can be explained by the

increasing recognition that many B and T cell receptors

are polyreactive [18].

The studies presented above suggest that development

of lupus glomerulonephritis is not associated with patho-

genic autoantibodies of singular specificities. In fact,

majority of the antigens recognized by glomerular IgG

deposits are unknown. In view of the recent findings that

immune complexes per se are insufficient to cause end

stage renal failure and that end-organ responses to these

deposits are important factors for the progression of lupus

nephritis, identifying specificities of autoantibodies that

are deposited in glomeruli of lupus patients may not be

critical for prognosis of renal disease.
Autoreactive T cells and lupus
glomerulonephritis
Since autoantibodies of multiple specificities are a hall-

mark of SLE, it is natural that the role of B cells and

autoantibodies has been a dominant focus of study in

SLE in general and in lupus glomerulonephritis in

particular. T cells were considered mainly for the pro-

vision of help to B cells for the production of autoanti-

bodies. During the past several years, the focus on the

role of T cells in lupus glomerulonephritis has been

changed to the emphasis of these cells as effectors

mediating tissue injury.

Evidence for the importance of T cells as effectors in

lupus glomerulonephritis comes from several approaches.

The first approach was the finding that renal disease is

present in MRL/lpr mice lacking circulating Ig but with B

cells expressing a B cell receptor transgene [19]. The

study showed that MRL/lpr mice expressing a surface

transgenic B cell receptor to 4-hydroxy-3-nitrophenyl

develop unique renal disease characterized by glomerular

sclerosis and interstitial inflammation despite the

absence of circulating Ig. Secondly, NZB/W F1 mice

with established chronic glomerulonephritis treated with

CTLA4Ig and a suboptimal dose of cyclophosphamide

showed a significant delay in mortality without reduction

in glomerular immune complex deposits [20]. Thus,

blocking T cell activation by CTLA4Ig could prevent
rized reproduction of this article is prohibited.



C

Pathogenesis of kidney disease in systemic lupus erythematosus Bagavant and Fu 491
disease progression. This reaffirms the original obser-

vation by Wofsy et al. [21] that anti-T cell antibody

therapy of NZB/WF1 mice reduced glomerular inflam-

mation, severe proteinuria and early mortality. In

NZM2328 mice, early immune complex deposits and

acute proliferative glomerulonephritis was associated

with glomerular and peri-glomerular T cell infiltration

[22]. In addition, MHC II positive, CD11c dendritic cells

were seen in the glomeruli. This was accompanied by

increased frequency of CD4þ T cell activation in the

regional lymph nodes. All these findings suggest a local

T cell response in kidney and regional lymph nodes early

in the disease process.

Recently, using a transgenic mouse model system,

Heymann et al. [23��] have demonstrated a role for

CD4 and CD8 T cells in glomerular injury. Transgenic

mice expressing ovalbumin and hen egg lysozyme

proteins in glomerular epithelial cells, the podocytes,

were generated. Ovalbumin-specific transgenic CD8þ
T cells injected into these mice could get activated

and expanded in the renal lymph nodes. The T cell

activation was prevented by depletion of CD11c dendri-

tic cells. These studies suggest that uptake of podocyte

antigens by dendritic cells and cross-presentation to

CD8þ T cells occurs in the renal lymph nodes. Transfer

of ovalbumin-specific CD4þ T cells did not result in

expansion or division. However, repeated co-injection of

ovalbumin-specific activated CD4 and naı̈ve CD8 T cells

caused renal disease characterized by peri-glomerular

inflammation, infiltration of macrophages and dendritic

cells, and onset of mild proteinuria. Although this model

does not completely mimic the regional CD4þ T cell

activation in lupus mice, it is the first direct demon-

stration for the role of dendritic cells and CD4þ and

CD8þ T cells in glomerular injury. Another significant

difference of this model from lupus glomerulonephritis is

the absence of glomerular immune complex deposits.

These differences should be taken into account in its

applicability to lupus nephritis.

Careful analysis of the kinetics of inflammatory cell

migration and chemokine expression in the NZB/W F1

kidneys collected at different ages show distinct patterns

of gene expression with disease progression [24��].

Cohorts of mice in remission following treatment with

cyclophosphamide, CTLA4Ig, and anti-CD154 were also

studied. A significant finding of this study was that

infiltration of activated macrophages in the renal inter-

stitium corresponded with disease progression. Signifi-

cantly, remission following treatment was associated with

reduced macrophage activation. Thus, macrophage infil-

tration is a key indicator of disease progression. As dis-

cussed earlier, peri-glomerular inflammation caused by

glomerular antigen-reactive T cells in the renal cortex

leads to increased macrophage infiltration. It is likely that
opyright © Lippincott Williams & Wilkins. Unauth
the inflammatory macrophages are attracted to the

renal interstitium as a result of the periglomerular T cell

infiltrate.

Several recent studies have investigated the pathogenic

capacity of different CD4þ T cell subsets. Kidneys of

nephritic NZM2328 mice show increased expression of

Th1 cytokines (IFN gamma and IL12) [22]. A recent

study [25�] showed increased mortality in NZM2328

mice deficient in TNF receptor 1 and 2. The TNF

receptor deficient mice had accelerated onset of renal

disease with activated CD4þ cells showing a Th17 gene

profile. Thus, in addition to Th1 T cells, lupus glomer-

ulonephritis can also be mediated by Th17 T cells. Laser

microdissection of glomerular, periglomerular and

perivascular infiltrates in MRL/lpr mice also showed

increased IL17 expression, along with IFN gamma and

IL13 [26]. This is further supported by the study of

Crispin et al. [27��] showing expanded double negative

T cells producing IL17 and infiltrating kidneys in

patients with SLE. Other studies suggesting a potential

role of Th17 cells in SLE have been reviewed by Garrett-

Sinha et al. [28]. The follicular helper T cell subsets

characterized as IL21 producing CD4 þ inducible T cell

costimulator (ICOS) þ cells have been identified in

spleens of BXSB-yaa mice [29�]. In another study

[30�], MRL/lpr mice lacking ICOS show a significant

reduction in IgG autoantibody, but a modest reduction in

glomerulonephritis. The role of these subsets in renal

disease is unclear.

In summary an increasing number of studies support a

role for T cell mediated renal disease in SLE. The

next advance in lupus nephritis is the identification of

target antigens that activate autoreactive T cells leading

to glomerular and interstitial infiltration of inflammatory

cells.
Pathogenic contribution of end-organ
responses
Glomerular immune complex deposition is one of the

earliest signs of renal involvement in SLE. In MRL/lpr

mice, this is followed by production of chemokines like

MCP-1 and RANTES in the glomeruli, primarily by

mesangial cells [31]. The initial mesangial cell stimu-

lation leads to acute proliferative glomerulonephritis

characterized by mesangial expansion and cellular infil-

tration into the glomeruli. This may progress to chronic

glomerulonephritis characterized by glomerulosclerosis,

interstitial fibrosis and tubular atrophy, along with severe

persistent proteinuria and fatal renal failure. We have

previously demonstrated that in NZM2328 mice, acute

glomerulonephritis need not progress to chronic glomer-

ulonephritis [32]. This lack of disease progression is also

seen in a subset of patients [33]. To investigate molecular
orized reproduction of this article is prohibited.
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Figure 1 A schematic showing TGF beta signaling pathway and its interaction with other molecules like PDGF, CD44 and cyclins

through transcription factor Egr-1

PDGF, platelet-derived growth factor.
changes associated with progressive glomerular disease,

microarray analyses for glomerular gene expression pat-

terns at different stages of glomerulonephritis were car-

ried out in NZM2328 mice [34]. Transcriptional profiles

could be classified into four distinct clusters, that is

normal, acute, transitional and chronic glomerulonephri-

tis. Acute glomerulonephritis was dominated by inflam-

matory chemokines and cytokines and markers of

myeloid cells. The chronic glomerulonephritis stage

was characterized by glomerular fibrosis and sclerosis,

with increase in tissue repair and remodeling genes.

Severe proteinuria and progressive loss of renal function

is associated with chronic glomerulonephritis. The micro-

array analysis identified a transitional glomerulonephritis

stage showing increased expression of seven genes

including matrix metalopeptidase, Mmp10; transforming

growth factor beta 2, TGFb2; insulin-like growth factor

binding protein 2, igfbp2; and lipocalin 2, Lcn2. Activation

of TGF beta signaling appears to be the final common

pathway leading to fibrosis and irreversible glomerular

damage, resulting in end-stage renal disease [35]. This

pathway is depicted in Fig. 1 and provides novel targets

for therapeutic intervention.

Considerable interest has been focused on the role of

Toll-like receptors (TLRs) in the autoimmune disease

and has been reviewed recently [36�]. It is mentioned

here to emphasize the importance of the TLR expression

on renal cells and their role in activation of end organ

responses in tissue injury.
Genetic control of end-organ damage
Murine models of spontaneous SLE have been used for

identification of mapping of genes controlling suscepti-

bility to SLE. Our studies in NZM2328, using (C57L/

J�NZM2328)F1�NZM2328 backcross mice identified

unique genetic intervals dictating susceptibility to three

distinct phenotypes: acute glomerulonephritis (Agnz1 on

chromosome 1 and Agnz2 on chromosome 17), chronic

glomerulonephritis and proteinuria (Cgnz1 on chromo-
opyright © Lippincott Williams & Wilkins. Unautho
some 1) and antinuclear and anti-dsDNA autoantibodies

(Adaz1 on chromosome 4) [37]. Congenic mice were

generated on an NZM2328 lupus-susceptible genetic

background containing C57L/J lupus-resistant chromo-

somal segments on chromosomes 1 and 4 [13]. The

NZM2328.C57Lc1 failed to develop autoantibodies or

fatal glomerulonephritis, whereas NZM2328.C57Lc4 did

not generate antinuclear or anti-dsDNA autoantibodies

but died of severe lupus glomerulonephritis and renal

failure. These phenotypes in the congenic mouse strains,

NZM2328.C57Lc1 and NZM2328.C57Lc4, respectively,

confirmed the initial genetic mapping studies. These

studies show a clear dissociation of genetic susceptibility

between antinuclear anti-dsDNA autoantibodies and

lupus glomerulonephritis.

To identify genes controlling progression to chronic glo-

merulonephritis, new congenic lines were generated using

an NZM2328.Lc1�NZM2328 cross [38]. One of these

lines, R27, contains an 8Mb C57L/J chromosome 1 frag-

ment with the Cgnz1 locus on an NZM2328 genetic back-

ground. The Agnz1 locus was not replaced and is from the

parental NZM2328 lupus-susceptible strain. The R27

mice failed to develop antinuclear and anti-dsDNA anti-

bodies. All of the R27 mice developed glomerular immune

complexes and acute proliferative glomerulonephritis.

Significantly, all R27 mice survived for 12 months and

did not develop renal failure. This provides genetic vali-

dation for the hypothesis that genetic control of acute

glomerulonephritis and chronic glomerulonephritis are

distinct. This further emphasizes the importance of organ

resistance in determining the outcome of immune com-

plex-mediated renal disease. Thus, acute glomerulone-

phritis need not progress to chronic glomerulonephritis. As

depicted in Fig. 2, renal failure in SLE is a consequence

of interaction between innate and adaptive immune

responses dictated by genetic susceptibility.

Recent studies in the R27 mice show that genes for

complement receptor 2 and Fc inhibitory receptors

may not be crucial in end-organ damage (Ge and Fu,
rized reproduction of this article is prohibited.
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Figure 2 Renal disease in SLE is determined by interaction

between innate and adaptive immune responses and genetic

susceptibility of the end organ to injury

SLE, systemic lupus erythematosus. The figure was previously published
in the study by Waters et al. [13].
unpublished). The R27 region contains Ly108 identified

as the lupus gene using B6.Sle1 mice [39]. Since the Sle1

on B6 background deals with autoantibody formation, the

Ly108 is likely involved in the generation of antinucleo-

some antibodies. Other genes in the R27 region that may

affect end organ responses are being studied.

The concept of end-organ resistance is also illustrated by

the recent studies of Mohan and colleagues [40–42] using

a murine model of immune complex glomerulonephritis.

Immune complex glomerulonephritis was induced by

immunizing mice with rabbit IgG in Complete Freunds’

Adjuvant (CFA) followed by injection of rabbit anti

mouse GBM serum in 20 different inbred mouse strains.

Strains like NZW, DBA/1, 129/SvJ developed severe

glomerulonephritis, whereas C57BL/6 and BALB/C mice

did not. The severity of renal disease did not corelate

with the strength of the immune response to rabbit IgG.

These studies showed strain-dependent differences in

renal disease and therefore potentially genetic control

of susceptibility to kidney injury. Following disease

induction, gene expression was studied in renal cortex

of susceptible and resistant mouse strains [43��]. Of

the 50 genes consistently down-regulated in the suscept-

ible mice, 10 belonged to the kallikrein (Klk) family.

Kallikreins are serine esterases that are involved in

multiple functions including regulation of inflammation,

apoptosis, and renal fibrosis. Kallikreins stimulate pro-

duction of bradykinins that bind bradykinin receptors, B1

and B2 to exert their biological effect. Blocking the

bradykinin B2 receptor enhanced renal disease in resist-
opyright © Lippincott Williams & Wilkins. Unauth
ant BALB/c mice and administration of bradykinin-

reduced glomerulonephritis in susceptible 129/SvJ mice.

The Klk gene complex is located on chromosome 7 within

a lupus-susceptibility locus in the NZM2410 lupus mice.

Sequencing of the differentially expressed Klk genes did

not show dissimilarities between resistant and suscept-

ible strains. However, the promoter regions of five Klk1
genes showed several single-nucleotide polymorphisms.

In addition, the resistant strains had a 20-bp deletion in

the Klkb3 promoter. These studies support a role for Klk

gene expression in the kidney dictating susceptibility to

immune complex-mediated renal injury. Extension of

these studies to patient cohorts shows KLK gene poly-

morphisms in some ethnic groups, specifically in patients

of European descent.
Conclusion
The current concepts of lupus nephritis have important

clinical implications. The realization of the importance of

T cells as central players of this disease suggests that anti-

T cell agents are required for inducing remission. The

role inflammation as seen in the early proliferative

nephritis can best be dealt with using anti-inflammatory

reagents such as prednisone. The importance of cellular

response to inflammatory signals by glomerular endo-

thelial and mesangial cells identifies these cells as thera-

peutic targets. Recently, we and others have developed

immunoliposomal systems for targeting drug delivery to

renal glomeruli [44��,45]. The realization that end-organ

resistance to damage is under genetic control indicates

the need to personalize therapeutic strategies in the

treatment of lupus nephritis to minimize side effects.

It is also evident that prevention of flares in the main-

tenance phase of the disease requires immunomodulat-

ing therapy to reduce innate immune response and pre-

vent activation of autoreactive T and B cells.
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