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The Challenge of Lupus Nephritis
Systemic lupus erythematosus (SLE) is a heterogeneous 

autoimmune disease which affects 1 in 2000 individuals in the United 
States of whom ≈90% are women [1]. It is characterized by the 
production of autoantibodies to nuclear antigens and affects multiple 
organs and tissues [1]. Inflammation of the kidney is one of the most 
severe manifestations of SLE and is characterized by renal deposition of 
autoantibodies and complement, production of cytokines/chemokines, 
activation and recruitment of inflammatory cells, and microvascular 
and parenchymal damage [2,3]. Despite advances in effective 
immunosuppressive therapies for many autoimmune diseases, lupus 
nephritis (LN) remains difficult to treat and is a significant cause of 
morbidity and mortality in lupus patients [3]. Treatment is currently 
guided by clinical presentation and histological classification but there 
are individual variations in disease course and treatment responses. It 
is not well understood why the severity and progression of the disease 
varies so widely [1]. 

Studies in murine LN models have helped to delineate some of the 
mechanisms of the human disease [4,5], and to provide rationale to 
support clinical trials [6,7] but they only partially recapitulate events 
occurring in human LN. Unfortunately, genetically diverse humans 
do not always respond to treatment as well as observed in genetically 
restricted mouse strains. Improving our ability to predict disease course 
and follow treatment response is a crucial pre-requisite to improve 
efficacy and decrease toxicity of the current treatment protocols and 
define novel therapeutic targets.

The questions thus raised are: 1. How can integration of the current 
knowledge about human LN and animal models provide more/new 
insights into the initiation of LN, its progression and its outcome? 2. 
Can the resulting information help to identify new biomarkers and 
therapeutic targets? To help answer these questions, systems biology 
has recently developed into a field that integrates complex biological 
information from the “omics” fields (genomics, transcriptomic, 
epigenetics, proteomics, metabolomics) with demographic, clinical 
or histologic parameters to provide a comprehensive description of 
regulatory events [8]. Defining the molecular mechanisms activated 
in individual patients may allow a personalized approach for the 
treatment and monitoring of LN. This review will show how, using 
current knowledge, the use of systems biology strategies might yield 
new insights into LN.

LN mouse models

One outcome of the explosion in genetic techniques for introducing 
or deleting single genes into mice is the realization that a large number 
of different single genetic defects can spontaneously give rise to lupus 
like manifestations, especially production of anti-nuclear antibodies 
and renal deposition of immune complexes [9]. This has led to the 
understanding that the causation of lupus is highly heterogeneous and 
can include defects in regulation of cell death, of innate immune cell or 
lymphocyte activation and of tissue responses to injury. Furthermore 
single genetic defects induce different outcomes in different mouse 
strains, emphasizing the effect of both susceptibility and resistance 
background genes on disease expression. Finally, disease in most 
of these models emerges with age, pointing to an important role for 
environmental exposures and stochastic factors in disease initiation. 
Similarly, in humans, a heterogeneous group of genetic polymorphisms 
is associated with SLE susceptibility [10] – whether some of these will 
have associations with particular disease manifestations including LN 
is yet to be determined. 

Given the heterogeneity of disease course, outcome and response 
to therapy of LN, even in those patients with comparable renal 
histology, and the lack of sequential biopsy material from humans, 
it remains essential to study informative animal models of disease 
[11]. Animal models of SLE nephritis offer the advantage that disease 
evolution can be studied in a timed manner and new therapies can be 
tested at various disease stages [12,13]. The mouse models fall into two 
broad categories, spontaneous and induced (summarized in Table 1). 
A few of the spontaneous murine LN models have been extensively 
studied. These classical models include the MRL/lpr and the BXSB. 
Yaa strains and the F1 hybrid between New Zealand Black (NZB) 
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Abstract
Lupus nephritis (LN) is one of the most severe complications of systemic lupus erythematosus (SLE). Current 

treatments for LN lack sufficient efficacy as they do not necessarily target the LN responsible pathways and therapeutic 
responses vary widely in the patient population. LN mouse models have been useful in delineating disease pathogenesis 
and for testing novel therapies, but they do not entirely represent the events happening in human LN. This review 
describes how recently developed systems biology technologies can help to integrate current knowledge with large 
scale experimental data to generate new hypotheses and insight into the regulatory events occurring in LN.
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and New Zealand White (NZW) and its inbred derivatives NZM2410 
and NZM2328. These three models differ in the genetic causation of 
their disease. For example the MRL/lpr mouse is a strain with both 
permissive background genes and a complete deficiency of the Fas 
gene that is crucial for mediating lymphocyte cell death. The BXSB 
mouse has an extra copy of the TLR7 gene that mediates dendritic cell, 
mononuclear phagocyte and B lymphocyte activation after exposure to 
RNA antigens. NZB/W mice and their inbred derivatives have several 
genetic defects affecting lymphocyte activation that can mostly be 
reconstituted with 3 loci from different chromosomes. Although all 
three of these classic models develop LN, they differ in their gender 
bias, autoantibody profiles, clinical disease profiles and even in their 
renal pathology. Not surprisingly, striking differences in responses 
to immunologic interventions have been observed in these different 
mouse models [14-17] suggesting that multiple models will be needed 
to study responses to new therapies and to dissect pathogenetic 
mechanisms of LN.

Induction of LN in susceptible mouse strains that do not 
spontaneously develop autoimmunity can be achieved by activation of 
the innate immune system using agents that induce Type I interferons 
(poly:IC, pristane) [18] or by artificial production of immune complexes 
that deposit in the kidneys (experimental nephrotoxic nephritis) [19]. 
The former group of models has been used to analyze the effects of 
genetic differences or interventions on disease initiation, while the 
latter has been used to examine markers of disease progression and the 
effects of genetic or treatment variables on tissue damage. 

Each of these models is useful to study certain features of SLE but 
none can be considered a definitive model for testing mechanisms 
of pathogenesis or particular therapies. An understanding of the 
molecular features of these models that are shared with human disease 
will improve the ability to use these models effectively. A systems 
approach can help to define specific molecular characteristics of each 
of the mouse models, allowing the most representative model to be 
chosen for each molecular mechanism/research question of interest.

LN models provide rationale for therapeutic trials

Therapies for lupus have been tested in the spontaneous LN models 
and primarily target one of four major pathogenic pathways: innate 
immunity, B cells, T cells, and tissue injury/inflammation. These studies 
have led to several general findings that are relevant to the treatment 
of human disease. First, although mice with single gene deletions have 
been useful to study the role of critical molecules in disease initiation 
the findings are not always applicable to disease progression that is 
often promulgated by a different set of mechanisms and amplification 
pathways. Furthermore, some molecules are critical only in certain 
strains whereas others have pleiomorphic functions and therefore 
may be either protective or pathogenic depending on the disease stage. 
A second important lesson from mouse models is that many drugs 
are much more effective at preventing disease onset than at treating 
established disease and that as disease progresses higher drug doses and 
combination therapies are required to achieve remission. Importantly, 
different strains have different stringencies for therapeutic responses 

Overall model 
characteristic Diffuse proliferative glomerulonephritis

Proliferative 
and interstitial 
disease

Sclerotic 
glomerulo-
nephritis

Model category Spontaneous Spontaneous Induced Spontaneous Spontaneous Spontaneous Induced
Model name NZB/W F1 hybrid 

and NZM2328 
SNF1 Pristane induced 

nephritis 
BXSB.Yaa NZW/BXSB MRL/lpr NZM2410 Nephrotoxic 

nephritis
Antibodies • Anti-dsDNA • Anti-dsDNA • Anti-dsDNA

• Anti-chromatin
• Anti-Sm/RNP
• Anti-ribosomal 
P

• Anti-RNA
• Anti-
phospholipid

• Anti-Sm/RNP
• Anti-
phospholipid

• Anti-dsDNA
• Anti-ANA
• Anti-Sm
• Anti-ssDNA
• Anti-RNA
• Rheumatoid 
factor

• Anti-dsDNA
• Anti-
nucleosome

Renal and non-
renal phenotype

• Glomerular 
enlargement + 
hypercellularity
• T-cell, B-cell, 
dendritic cell 
accumulation 
in perivascular 
+periglomerular 
aggregates
• Extensive 
tubulo-interstitial 
macrophage 
infiltration

• Glomerular 
hypercellularity
• Thickening of 
capillary loops 
+ basement 
membrane
• Mesangial 
thickening
• Perivascular 
infiltrates of 
lymphoid cells
• Fibrosis

• Mesangial and 
subendothelial 
deposits

• Monocytosis
• Lymphoid 
hyperplasia
• Circulating 
immune 
complexes

• Large peri-
vascular 
lymphoid 
infiltrates
• Scattered 
interstitial T cells
• Interstitial and 
peri-glomerular 
sheets of 
macrophages
• Glomerular 
dendritic cell 
accumulation

• Endothelial and 
mesangial cell 
proliferation
• Crescents
• Mononuclear 
cell infiltrates - 
accumulate even 
when immune 
complexes are 
absent
• Renal vasculitis

• Early podocyte 
loss
• Interstitial 
macrophage 
accumulation
• Little 
lymphocytic or 
dendritic cell 
infiltration

• Acute neutrophil 
and inflammatory 
Gr1hi macrophage 
and T-cell 
infiltration

Other  2 active copies of TLR7 
expressed in males

• γIFN response
• Deficient in Fas

• IL-4 response
• IgG1 + IgE 
anti-chromatin 
Abs

References • Schiffer et al, 
2008 [29]
• Kalled et al, 1998 
[47]
• Jacob et al, 2003 
[48]

• Kalled et al, 
1998 [47]

• Reeves et al, 
2009 [18]

• Atif et al, 
2006 [49]
• Kimura et al, 
2011[50]

• Kahn et al, 
2008 [51]

• Singh et al, 
2003 [52]
• Schwarting et 
al, 1998 [53]
• Menke et al, 
2009 [54]
• Chan et al, 
1999 [55]

• Singh et al, 
2003 [52]

• Fu et al, 2007 
[19]
• Timoshanko et 
al, 2005 [56]

Table 1: Commonly used murine LN models and characteristics.
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and not all strains respond to each therapy [20]. Finally, mouse 
therapeutic studies are generally carried out with end stage renal 
failure as an endpoint and without standard of care therapies such as 
corticosteroids, hydroxychloroquine and immunosuppressive agents 
that themselves may have considerable therapeutic efficacy. 

The studies in sum indicate that although animal studies provide 
valuable insights into the therapeutic potential of experimental drugs 
for SLE, additional considerations are needed when predicting the 
likely outcomes of treatments in human patients. This concept has been 
borne out by the results of human interventional studies. Therapies that 
are highly successful at disease prevention in some strains of mice, have 
either failed to show efficacy in a broad population of heterogeneous 
humans with active disease that are already receiving standard of care 
treatment (Rituxan) [21] or meet some defined clinical endpoints but 
not others (Abatacept) [22]. One potential advantage of a systems 
biology approach might be to define better therapeutic endpoints or 
therapeutic targets based on common gene expression patterns that 
reflect pathogenic mechanisms shared by most patients.

LN biomarkers 

With the increasing recognition that SLE is a heterogeneous disease 
with variable causation, course and responsiveness to therapy there has 
been much interest in developing biomarkers for individualized disease 
management. Because it is difficult to obtain sufficient representative 
renal tissue and it is rare to obtain repeat biopsies from patients with LN 
there is a pressing need to define non-invasive markers of LN (plasma, 
serum, urine), which reflect either early renal molecular changes during 
disease or early responses to potentially toxic interventions. Types 
of biomarkers include quantification of soluble molecules or sets of 
molecules in serum or urine, gene expression profiles from peripheral 
blood cells or tissues, or functional assays of immune cell activation. 
These can then be correlated with clinical or histological phenotypes. 
Progress in biomarker development for SLE nephritis has been recently 
reviewed [23] and will therefore not be covered in detail here. Major 
challenges in biomarker development are the collection of reliable and 
reproducible longitudinal clinical data, optimal specimen collection, 
storage and data analysis. A systems approach may allow identification 

Table 2. Renal transcriptional profiling of LN in chronological order, as assessed by microarray studies.

Reference Species Treatment study Renal compartment Brief description
of the main results

Correlation with
clinical/histological parameters

Peterson et al,
2004 (1)

Human No. Glomerular
(laser-capture 
microdissection)

• Four main gene clusters of up-regulated 
genes: 1. Type I IFN-response element 
genes; 2. Myelomonocytic lineage and 
inflammatory cell genes; 3. B-cell genes; 4. 
ECM and glomerulosclerosis genes.
• One main cluster of down-regulated 
genes included cellular growth, 
differentiation, endothelial cell proliferation 
and angiogenesis genes.

There was a tendency for the genes 
from the IFN-inducible gene cluster to be 
associated with less crescent formation, 
whereas transcripts from the B-cell 
infiltration cluster were associated with more 
crescents.

Liu et al,
2006 (2)

MRL/lpr 
mouse

No. Whole kidneys Findings in this model recapitulated some 
in humans:
• IFNγ pathway members are dysregulated 
and important in the development of LN in 
this model.
• mRNA expression of genes implicated in 
inflammatory pathways are also altered in 
LN (e.g. cytokines, antigen presentation, 
…)

Not done.

Teramoto et al,
2008 (3)

MRL/lpr 
mouse

Yes.
(Prednisone)

Glomerular 
(laser-capture 
microdissection)

Findings in this model recapitulated some 
in humans:
• Genes related to Th1 cells are up-
regulated (chemokines, chemokine 
receptors, complement, coagulation, etc.). 
IL-27 was highlighted.
• Effect of glucocorticoid treatment 
(Prednisone): decrease of infiltrating 
cell number, glomerular injury and 
inflammatory gene expression.

Not done.

Reddy et al,
2008 (4)

NZB/W 
mouse

Yes.
(Sirolimus)

Whole kidneys • 387 genes were regulated during LN, 
associated with pathways such as antigen 
presentation, complement, IL-1 and IL10 
signaling pathways, Jak-Stat and MAP 
kinase pathways.
• Many of them were decreased after 
treatment with the mTOR inhibitor 
sirolimus.

Not done.

Bethunaickan 
et al,
2011 (5)

NZB/W Yes.
(Cyclophosphamide + 
CTLA4 Ig + anti-CD154 
Ab)

Renal F4/80hi cells Activated renal macrophages contribute to 
renal damage in LN:
• Transcripts from proinflammatory, 
regulatory, tissue repair/degradation 
pathways were overexpressed.
• Those transcripts were reduced to their 
basal expression level after induction of 
remission by immunosuppressive therapy.

Not done.
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of more reliable biomarkers – recent examples of this approach include 
the development of strategies that group biomarkers into modules with 
predictive power [24,25].

Systems Biology in The Context of LN
Systems biology is a recent field which can be simply defined as 

“an opportunity to study how the phenotype is generated from the 
genotype” and as “the study of the behavior of complex biological 
organization and processes in terms of the molecular constituents” [26]. 
Various strategies integrating complex and large datasets of biological 
information are used, thus providing the power to comprehensively 
depict regulatory events. The potential of systems biology applied to the 
study of kidney diseases was recently described by John Cijiang He et al. 
[8] and in a special issue of the Seminars in Nephrology [27]. In short, 
powerful computational modeling is used to perform meta-analysis of 
the “omics” categories. As mentioned previously, integrating systems 
biology in LN has two major goals: the first is to characterize specific 
features in kidney, urine and/or blood which associate with known LN 
phenotypes so as to improve the understanding of LN renal regulatory 
events. The other is to identify new biomarkers and therapeutic targets. 

Renal LN transcriptional signatures (using microarrays and real-
time PCR) have been identified from humans and murine models and 
are summarized in Table 2. Renal compartments with the potential to 
reflect modifications of renal molecular mechanisms during LN include 
whole kidneys, subcompartments from microdissected kidneys, 
infiltrating renal cells and urine. Integration of information from 
diverse, independent sources provides confidence about which of the 
events happening in mouse are reproduced in humans and vice-versa. 
An ongoing challenge however, is the development of new methods 
to better integrate information from large-scale datasets. Using some 
of the transcriptomic studies presented in Table 2, we will show below 
how meta-analyses can integrate current knowledge about human and 
murine LN and open new doors for investigation. 

Cross-species LN renal transcriptional profiles: proof of 
concept

We have recently shown that F4/80hi/CD11cint intrinsic renal 
macrophages represent the major population of mononuclear 
phagocytic cells infiltrating the kidneys of nephritic NZB/W mice; 
these cells localize around glomeruli and throughout the renal 
interstitium [28]. Genome wide expression profile of F4/80hi cells 
extracted from NZB/W kidneys (“NZB/W dataset”) demonstrated 
increased expression of inflammatory genes (e.g. ITGAM, CD40, C3), 
tissue remodeling genes (e.g. TIMP1, MMP-14) and anti-inflammatory 
genes (STAT3, PPARG, IL10) in nephritic compared to non-nephritic 
kidneys [28], highlighting the potential mechanisms by which these 
cells contribute to renal tissue damage. Using a stringent q value of 
<0.01, a set of 378 genes were identified that were regulated in isolated 
F4/80hi cells from nephritic kidneys compared with young kidneys and 
whose expression pattern was reversed in kidneys of NZB/W mice 
in which remission of nephritis was induced with a combination of 
cyclophosphamide and costimulatory blockade [28,29]. These 378 
genes reflect processes involved in pathogenesis and could also serve as 
potential disease biomarkers.

In human LN, renal mononuclear phagocyte infiltration is associated 
with poor disease outcome [30]. Therefore it is necessary to evaluate 
whether the activation of renal macrophages observed in NZB/W mice 
also occurs in human LN. Unfortunately the small amount of tissue 
available from renal biopsies obtained for clinical diagnostic purposes 

does not allow for isolation and analysis of cellular subpopulations as 
can be done in animal models. This is where integrative systems biology 
is useful. Currently, only one study, from Peterson et al., describes the 
transcriptional profiles of human LN laser-microdissected glomeruli 
compared to controls (“human dataset”) [31]. This study identified 88 
up-regulated and 89 down-regulated genes that were different between 
lupus and control glomeruli. In particular, they defined signatures of 
myelomonocytic and other inflammatory cells, extracellular matrix 
deposition and glomerulosclerosis. 

To determine if the murine renal macrophage signature in LN can 
be also found in human LN glomeruli, we performed a cross-species 
comparison of the two datasets (NZB/W and human datasets). Two 
approaches were used:

1.	 The first strategy was to compare the genes differentially 
regulated both in isolated renal macrophages from nephritic 
compared with pre-diseased NZB/W mice and the human 
lupus glomeruli compared with normal controls. For this 
comparison we used a low stringency cut-off for the murine 
macrophage data to obtain the widest possible gene-set. Using 
a q value of <0.05 we found 1219 down and 1573 up-regulated 
genes in the macrophages from nephritic vs. pre-diseased 
NZB/W kidneys that also had a human gene ID. This list of 
genes was compared with the list of 177 genes representing the 
“human dataset”. A total of 46 genes overlapped, of which 27 
were regulated in the same direction in both datasets (22 up- 
and 5 down-regulated) (Supplementary Table 1). These genes 
can be considered as representing a “glomerular macrophage 
signature” and, not surprisingly, were enriched for the “myeloid 
cluster” (12 genes) identified in the human study, including 
CTSB, ITGB2, LYN, HCK, CD40. Using Ingenuity Pathway 
Analysis software (IPA) to analyze the function of the 27 genes 
in the glomerular macrophage signature we identified several 
canonical pathways. “Fcγ receptor-mediated phagocytosis in 
macrophages and monocytes” was the top canonical pathway. 
LYN and HCK, for example, are transcription factors that 
are important for Fc receptor mediated signaling that occurs 
downstream of immune complex stimulation of myeloid 
cells. “Integrin signaling” was the third regulated pathway. 
The integrin ITGB2 (CD18) is expressed on neutrophils, 
lymphocytes and macrophages and belongs to a family which 
mediates cell-cell and cell-matrix interactions in response to 
an inflammatory stimulus [32]. On macrophages it associates 
with ITGAM to form CD11b that is highly upregulated on 
F4/80hi cells in nephritic NZB/W kidneys. Thus myeloid cell 
activation with increased adhesion is a feature of the nephritic 
process. CTSB is a protease that is strongly expressed in 
normal renal tubules [33] and is upregulated in macrophages 
under inflammatory conditions where it plays a role in antigen 
processing and in cell death [34,35]. 

2.	 The second strategy was to use the full human dataset derived 
from the two different human sample cohorts described by 
Peterson et al. [31] and apply a batch correction (using the 
Combat software [36]). Using the significance analysis of 
microarrays (SAM [37,38]), a total of 205 genes were regulated 
in human LN glomeruli compared to controls (q-value<0.05), 
which were compared with the same 1219 down and 1573 up-
regulated genes from the nephritic compared to pre-diseased 
NZB/W renal F4/80hi macrophages [28]. 57 genes overlapped, 
which 38 regulated in the same direction in both datasets (31 up- 
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and 7 down-regulated) representing nearly 20% of the regulated 
genes in the human glomerular samples (Supplementary Table 
2). From these 38 genes, a transcriptional network was built 
using the Genomatix Pathway System (GePS) from Genomatix 
suite (Figure 1A) . This approach is based on all knowledge in 
the PubMed database and can identify functional interactions 
between proteins. CD44 and ITGAM represented major nodes. 
Complement system, integrin signaling and Fcγ receptor-
mediated phagocytosis in macrophages and monocytes were 
the top canonical pathways from these 38 genes, using IPA 
software. 

In our previous study, we showed that a significant proportion of 
the defined transcriptional LN murine renal macrophage signature was 
reversed after induction of remission [28]. We therefore asked whether 
the genes constituting the reversible renal macrophage phenotype 
observed in LN mouse kidneys could be potentially targeted in human 
LN as well. To answer this question, the regulation of the 38 genes 
characterizing the “glomerular macrophage transcriptional signature” 
was analyzed in the F4/80hi cells from kidneys of mice after remission 
induction (Figure 1B). The expression of 31 genes was reversed (27 
down-regulated and 4 up-regulated). These 31 genes, that include 
CTSB, complement components, ITGAM, CD40, CD44 and IFIT1, 
could thus be potential human LN biomarkers or therapeutic targets.

Identification of new biomarkers in human LN may be achieved 
by linking genome wide expression data to clinical and/or histological 
available parameters. To illustrate this approach, we correlated the 
mRNA expression of the 31 defined genes described above with GFR, 

serum creatinine and degree of proteinuria (Supplementary Table 3). 
As an example, C3 was the top mRNA correlating with GFR-MDRD, 
it also correlated with serum creatinine and proteinuria. In addition, 
the higher the score of monocytes in human LN glomeruli (CD68), the 
higher were the mRNA expression of C3 and CTSB (Supplementary 
Figure 1).

In summary, cross-species transcriptomic analysis using a systems 
biology approach allowed us to show that expression of several LN 
murine macrophage inflammatory transcripts was recapitulated in 
human LN glomeruli. These findings show the high representation of 
macrophage derived genes in the glomerular inflammatory signature in 
human LN. The findings suggest the importance of immune complexes 
in activating renal infiltrating macrophages via Fc receptors in humans 
as described in murine models [39]. These findings also emphasize 
the role of integrin signaling, most likely through CD11b and of the 
alternative complement activation pathway in the inflammatory 
response. 

We identified 38 genes constituting a “glomerular macrophage 
transcriptional signature”. The function of the corresponding proteins 
and their role as potential therapeutic targets can now be fully evaluated 
in the appropriate murine model. Another useful step is to determine 
whether increased expression of the mRNAs that participate in the 
inflammatory events of LN kidneys through macrophage infiltration/
activation could be used as non-invasive markers to detect nephritis 
onset or therapeutic response earlier. A way to do this is to search for 
expression of known macrophage genes in PBMCs or urine pellets of 
nephritic vs. non-nephritic SLE patients or in patients before and after 
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2 genes are associated by co-citation.
2 genes are associated by expert curation.
Gene A activates gene B.
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Gene A has a known transcription factor binding
site matrix and gene B has a corresponding
binding site in one of its promoters.

1.45
1.00

0.30

Fold-change

Figure 1: Genomatix Pathway System (GePS). A. Transcriptional network from the 38 LN “defined glomerular macrophage” genes. B. Transcriptional network from 
31 of the 38 genes that had a reversed expression after induction of remission in murine LN. The picture displays the genes co-cited in PubMed abstracts in the same 
sentence. Colors represent the fold-change in the macrophages extracted from kidneys of nephritic mice compared to young mice.
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remission induction. This hypothesis can now be tested using available 
PBMC expression databases or in the context of SLE nephritis clinical 
trials.

Integration of transcriptional regulation with genetic 
predisposition and vice-versa

As an unbiased screening tool, GWAS have the potential to discover 
novel causative associations with human diseases. Understanding the 
genetic components of human SLE and their involvement in the disease 
is currently a promising area of biomedical research [40,41]. A rapidly 
growing list of genes and loci has been shown to confer susceptibility 
for SLE [10]. A major challenge is the integration of these genetic 
associations into biological knowledge of the multifaceted disease 
pathogenesis. This is particularly relevant for SLE as the disease affects 
the entire organism on multiple levels with interrelated pathways. To 
understand the complexity of the disease process in the SLE patient an 
integrative analysis of regulatory cascades is essential.

Using a systems biology approach, genes identified in genome wide 
association studies (GWAS) can be integrated into their functional 
disease context; these studies should help to prioritize genes for fine 
mapping and further functional studies. This approach has been 
reviewed recently in the context of chronic kidney disease [42]. As 
proof of concept, a recent study identified three miRNAs that together 
are predicted to target over 50% of 72 lupus susceptibility genes 
[43,44]. These early studies will require confirmation but have potential 
functional and therapeutic implications.

The converse hypothesis is also a promising approach. Indeed, 
linking genome wide mRNA expression with genome wide association 
studies (GWAS) may provide a good starting point to define new LN 
associated genes. An elegant proof of concept study in the anti-GBM 
murine model of LN identified an association of the disease susceptibility 
with the repression of kallikrein transcripts in kidneys [45]. This study 
showed that the bradykinin B2 receptor mediated the biological effects 
of decreased kallikreins and that glomerulonephritis was aggravated 
by its blockage. Conversely, bradykinin administration improved the 
disease in susceptible mice. This result motivated the analysis of the 
orthologous locus in LN patients, leading to the identification of single 
polymorphisms (SNPs) in the sequence of kallikrein 1 and 3 promoters 
that are strongly associated with LN.

A final example of how integrative systems biology can be a powerful 
tool in the context of LN is Nephromine (http://www.nephromine.org), 
a free available resource integrating all available renal genome wide 
expression data (e.g. Peterson’s human dataset [31]), to improve the 
understanding of the renal molecular events associated with normal 
function and disease.

Conclusions
Systems biology allows the identification of regulatory 

transcriptional cascades. This can be reinforced by the study of 
transcription factor interactions and the identification of their 
transcriptional targets, thanks to the current bioinformatics tools that 
are available [46]. As we have shown here, profiling of renal tissues 
and other compartments can be linked together, to provide new 
information about genes and pathways implicated in the pathogenesis 
of LN. As more datasets become available, future deep analysis of the 
“Omics” of lupus nephritis using systems biology will be a powerful 
tool in the path to targeted molecular medicine.
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