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Abstract
Lupus nephritis (LN) is a serious manifestation of SLE. Therapeutic studies in mouse LN models
do not always predict outcomes of human therapeutic trials, raising concerns about the human
relevance of these pre-clinical models. In this study we used an unbiased transcriptional network
approach to define in molecular terms similarities and differences between three lupus models and
human LN. Genome wide gene expression networks were generated using natural language
processing and automated promoter analysis and compared across species via suboptimal graph
matching.

The three murine models and human LN share both common and unique features. The 20
commonly shared network nodes reflect the key pathologic processes of immune cell infiltration/
activation, endothelial cell activation/injury and tissue remodeling/fibrosis, with macrophage/
dendritic cell activation as a dominant cross-species shared transcriptional pathway. The unique
nodes reflect differences in numbers and types of infiltrating cells and degree of remodeling
between the three mouse strains. To define mononuclear phagocyte derived pathways in human
LN, gene sets activated in isolated NZB/W renal mononuclear cells were compared with human
LN kidney profiles. A tissue compartment specific macrophage activation pattern was seen, with
NFκB1 and PPARγ as major regulatory nodes in the tubulointerstitial and glomerular networks
respectively.

Our study defines which pathologic processes in murine models of LN recapitulate the key
transcriptional processes active in human LN and suggests that there are functional differences
between mononuclear phagocytes infiltrating different renal microenvironments.
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INTRODUCTION
Systemic lupus erythematosus (SLE) is an autoimmune disorder characterized by loss of
tolerance to nucleic acids and their binding proteins resulting in the production of
autoantibodies that initiate inflammation or injury. Lupus nephritis (LN) is a major cause of
end organ damage in SLE and is a risk factor for mortality (1, 2). Despite many advances in
the diagnosis and management of LN, the incidence of end-stage renal disease secondary to
SLE has not decreased in the last 20 years (3, 4). The complex and heterogeneous nature of
SLE has represented a challenge for defining pathogenesis and developing effective
therapeutics.

Murine models that spontaneously develop lupus (5, 6) have played a key role in our
understanding of human disease (7) and have been used extensively for the identification of
therapeutic targets. However there are fundamental differences in the genetic composition of
mice and humans that extend to both the innate and the adaptive immune systems (8, 9);
disappointingly, translating the therapeutic successes in animal models to successful clinical
interventions for nephritis has been challenging. Therefore, there is a pressing need for a
scientific approach that allows the exploration of the similarities and differences among
species.

In order to define shared pathogenetic mechanisms in the development of LN in mice and
humans and determine which mouse model most accurately reflects specific molecular
pathways occurring in human disease, we compared gene expression profiles from
microdissected human LN kidney biopsies and whole kidneys from three different SLE-
prone murine models, NZB/W, NZM2410 and NZW/BXSB. The NZB/W female mouse
(10) is characterized by hypercellular renal lesions and fibrinoid necrosis, similar to the
lesions seen in Class IV human LN kidney specimens (11). NZM2410 mice are
characterized by high levels of IL-4 and the production of autoantibodies of the IgG1 and
IgE isotypes; they develop a rapidly progressive glomerulosclerosis with scant lymphocytic
infiltrate in the kidneys (12). Males of the NZW/BXSB strain carry the Yaa (Y-linked
autoimmune acceleration) locus that contains a reduplication of the Tlr7 gene (13). These
mice develop an acute proliferative glomerulonephritis with severe tubulointerstitial
inflammation (14). The three strains have different autoantibody profiles with the production
of anti-dsDNA antibodies in the NZB/W mouse, anti-nucleosome antibodies in the
NZM2410 mouse and anti-Sm/RNP and anti-phospholipid antibodies in the NZW/BXSB
mouse. They also respond differently to therapeutic intervention (15); this underscores the
effect of genetic heterogeneity not only on disease phenotype but also on responses to
therapies. Analysis of comprehensive renal expression profiles with unbiased natural
language processing tools (Genomatix Bibliosphere) and a suboptimal matching algorithm
based approach (TALE) identified multiple shared key conserved regulatory network hubs
(nodes) between the three mouse strains and the human LN samples. These pathway maps
allow selection of the mouse model with the highest degree of similarity to the human
disease or with activation of a pathway of interest, for further therapeutic interventions or
mechanistic studies in the model system. We found that the sclerotic kidneys of the
NZM2410 mice shared most renal transcriptional events with human LN kidneys, followed
by the NZB/W and the NZW/BXSB.

We have previously shown that the onset of proteinuria in all three strains of mice is
associated with the expansion and activation of a dominant population of resident renal
mononuclear phagocytes that have a resting phenotype of CD11b+/CD11cint/F4/80hi/Gr1lo/
MHChi and have variably been referred to as intrinsic renal macrophages or resident renal
DCs due to their mixed function as both antigen presenting cells and phagocytic cells (16).
At nephritis onset these cells markedly upregulate their expression of CD11b and they
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accumulate both in the interstitium and in the periglomerular space (14, 17, 18). In NZB/W
mice we demonstrated a marked change in gene expression profile of isolated F4/80hi renal
macrophages at proteinuria onset with the expression of pro-inflammatory, anti-
inflammatory and tissue repair genes (17). We show here that this macrophage profile is
shared by the human LN samples, but that there are significant differences in the gene
expression profiles of the glomerular and interstitial compartments suggesting functional
differences in this cell type in the two intrarenal microenvironments.

MATERIAL AND METHODS
NZB/W, NZM2410, NZW/BXSB SLE mouse strains

NZB/W F1 mice were purchased from Jackson Labs (Bar Harbor, ME), NZM2410 mice
were purchased from Taconic (Hudson, NY) and NZW/BXSB F1 male mice were bred in
our facility from the respective parents (Jackson Labs). All mice were housed in an SPF
facility with 12 hr light/dark cycles and unlimited access to food and water. All animal
experiments were approved by the IACUC Committee of the Feinstein Institute.
Supplementary Table I provides details of the subgroups of mice analyzed from each mouse
strain as described in previous publications (14, 18, 19). Briefly, the NZB/W F1 strain
(Jackson Labs) included groups of the following ages: 16 weeks old (control group without
any serum autoantibodies, immune complex deposition or proteinuria, N=8), 23 weeks old
(pre-nephritic control group, with serum autoantibodies, minimal immune complex
deposition, proteinuria <100mg/dl, N=11), 23 weeks old (with abundant immune complex
deposition and new onset of proteinuria >300 mg/dL, N=6), 36 weeks old (with established
proteinuria >300 mg/dL for >2 weeks, N=10) (20).

NZM2410 mice were 7 weeks old (control group without autoantibodies, renal immune
complex deposition or proteinuria, N=5) and 22–30 weeks old (with proteinuria >300 mg/dL
for 7–10 days, N=5) (18). Mice of this strain were harvested 7–10 days after proteinuria
onset as most NZM2410 mice die within 14 days of proteinuria onset.

NZW/BXSB mice (14) were 8 weeks old (control group, without serum autoantibodies or
proteinuria N=4), 17 weeks old (pre-nephritic control group, with serum autoantibodies,
proteinuria ≤100mg/dl and histologic glomerular score ≤2, N=6) and 18–21 weeks old (with
>7 days proteinuria >300 mg/dL and histologic glomerular score >2, N=6).

Human renal biopsy samples
Human renal biopsies were collected after informed consent was obtained, according to the
guidelines of the respective local ethics committees. A total of 47 samples from the
European Renal cDNA Bank (ERCB) (21) were processed and used for microarray analysis:
pre-transplant healthy living donors (LD) (N=15) and LN patients (N=32). For real-time
PCR, 11 LD and 9 LN samples were used from an independent cohort (of the ERCB).
Demographic, clinical and histologic characteristics of these patients are provided in
Supplementary Table I. There was no statistical difference in any parameters between the
LN cohorts used in arrays and RT-PCR.

Murine and human RNA extraction, microarray preparation and processing
Kidneys were removed from perfused mice and immediately snap frozen. Tissues were
homogenized in 3ml of Trizol and RNA was isolated according to manufacturers’
instructions. cDNA was generated from 5 μg total RNA and labeled with biotin using the
Ovation Biotin system (NuGEN Technologies, Inc., San Carlos, CA). Biotin labeled cDNA
was fragmented and hybridized to Affymetrix Mouse Genome 430 2.0 GeneChip arrays
(Santa Clara, CA). After hybridization, GeneChip arrays were washed, stained, and scanned
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by GeneChip Scanner 3000 7G according to the Affymetrix Expression Analysis Technical
Manual
(http://media.affymetrix.com/support/downloads/manuals/
expression_analysis_technical_manual.pdf). CD11bhi/CD11cint/F4/80hi mononuclear cells
from perfused NZB/W mouse kidneys were isolated by fluorescence cell sorting as
previously described (17) using antibodies to CD11b, CD11c and F4/80. RNA was
extracted, amplified and analyzed using gene expression profiling as previously described
(17). Normalized data are available in Gene Omnibus website
(http://www.ncbi.nlm.nih.gov/geo/) under Accession Number [GEO: GSE27045].

Cortical tissue segments from human biopsy samples were manually microdissected into
glomerular and tubulointerstitial compartments as previously described (22–24). Total RNA
was isolated from the microdissected human tissues using the RNeasy mini kit (Qiagen),
according to the manufacturer’s instructions. Gene expression profiling from microdissected
human kidney biopsies was performed as previously described using the Human Genome
U133A Affymetrix Genechip arrays (Santa Clara, CA) (22, 23).

Murine and human gene expression data processing and analysis
The mouse and human CEL files were processed using the GenePattern analysis pipeline
(www.genepattern.com). CEL file normalization was performed with the Robust Multichip
Average (RMA) method using the mouse and human Entrez-Gene custom CDF annotation
from Brain Array version 10 http://brainarray.mbni.med.umich.edu/Brainarray/default.asp).
The normalized files were log2 transformed and batch correction was performed for the
NZB/W and NZW/BXSB murine data (25).

The poly-A RNA control kit was used in processing the mouse microarray data. The
expression baseline was defined by calculating the gene expression median of each gene,
and adding one standard deviation to the minimum value obtained. Of the 16539 mouse
genes represented on the Affymetrix genechip, 13425, 13600 and 14252 were expressed
above the defined expression baseline in NZB/W, NZM2410 and NZW/BXSB respectively.
Of the 12029 human genes, 11285 and 11429 were expressed above the 27 Poly-A
Affymetrix control expression baseline (negative controls) in the glomerular and
tubulointerstitial compartments respectively and were used for further analyses. Mouse and
human normalized data files are uploaded on Gene Omnibus website
(http://www.ncbi.nlm.nih.gov/geo/) and accessible under reference numbers [GEO:
GSE32583 and GSE32591].

IgA nephropathy (IgAN) and hypertensive nephropathy (HT) gene expression profiles from
ERCB cohorts were available to the investigators as part of an independent study (Wenjun
Ju et al, manuscript under review) and were compared with the presented LN data. IgAN
and HT data are available on GEO under the reference number GSE35488 and GSE37463
(the last one will be activated after acceptance of the manuscript).

Real-time PCR analysis of human samples
Reverse transcription (RT) and real-time PCR were performed as reported previously (22).
Pre-developed TaqMan reagents (ABI Assays-on-demand) were used for all genes analyzed.
The expression of each gene was normalized to the geometric mean of the housekeepers 18S
rRNA, PGK1 and GAPDH (26). Those three reference genes were selected as described
(27), as well as based on their low variance and their absence of regulation in LN compared
to LD in arrays. The mRNA expression was analyzed by the ΔΔ-Ct method following the
manufacturer instructions (User Bulletin #2, ABI Prism 7700 Sequence Detection System).
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Cross-species comparison
To avoid ambiguity, the mouse genes were converted to the corresponding human orthologs
using the NCBI homolog (Build 64) and Genomatix annotated ortholog databases.
Differential gene expression was defined by a q-value <0.05 with a fold-change ≥1.2 for the
up-regulated genes and ≤0.8 for the down-regulated genes.

Network and pathway analyses
Significantly regulated genes were analyzed by creating biological literature-based networks
using Genomatix Bibliosphere software (www.genomatix.de). Canonical pathways were
extracted using the Ingenuity Pathway Analysis Software (www.ingenuity.com).

TALE (Tool for Approximate LargE graph matching) analysis
TALE was employed to compare the resulting large transcriptional networks from humans
and mice (see (28) for technical implementation). This algorithm allows comparison of large
networks (often with 1000s of nodes and edges) and extraction of meaningful relationships
between the query and database networks. TALE allows definition of the degree of
mismatch tolerance in the resulting overlapping network. In addition to the query network
and the database networks, TALE requires three fields of user inputs: 1. a similarity
assignment for the genes in the networks; 2. the percentage of important nodes; and 3. the
percentage of mismatch. The first parameter is required to group the nodes in the networks.
For cross-species comparison, the orthologous information was used to group the human and
mouse genes. The second parameter defines the set of seed genes in the query network to
generate the overlapping network. In this setting the importance of a node (or a gene) is
defined by the number of connections it has with the remaining genes in the human network.
In the current study the top 10% nodes were used to build the core network elements. The
third parameter defines the mismatch allowed while generating the neighborhood of the seed
genes as well extending the network, in the current study a mismatch tolerance of 10% was
set. The transcriptional networks (human and mice) generated from the literature-based
Genomatix Bibliosphere software (gene/function word/gene (B3) filter) were used as input.
The resulting mouse networks were populated into the database and the human network was
used as the query network. The resulting TALE networks were visualized using Cytoscape
version 2.7 (29).

Prior to the comparison of each murine m odel with human LN, a preliminary TALE
analysis was performed within the NZB/W and NZW/BXSB models to define which group
comparison (corresponding to different disease stages, see Table I) resembled most closely
the human data sets for further analysis. The NZB/W analysis included the following
comparisons: 36 weeks old with established nephritis compared to 16 weeks or 23 weeks
pre-nephritic, 23 weeks old at onset of proteinuria compared to 16 weeks or 23 weeks old
pre-nephritic. The 36 week old mice with established proteinuria compared to the 23 week
old pre-nephritic mice shared the highest number of transcriptional network nodes with the
human tubulointerstitium LN versus control; in the comparison with the human glomerular
LN dataset, the 36 versus 16 week old mice had the highest overlap and were used for
further analysis. Similarly, we compared the results for either 8 or 17 week prenephritic
NZW/BXSB with 18–21 week nephritic NZW/BXSB mice and found that they were similar
(Table I). We therefore used the larger 17 week pre-nephritic control group for the
comparison analyses.

Immunohistochemistry
To localize macrophages and DCs in human lupus nephritis, archival sections from 10 renal
biopsies with lupus nephritis class IV (ISN/RPS 2003 classification) and 5 pre-implantation
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biopsies were studied. Immunohistochemistry was performed as previously described (30).
The monoclonal mouse anti-CD68 (Clone PG-M1; Dako, Germany, Hamburg), mouse anti-
DC-SIGN (CD209, clone DCN46; BD Pharmingen, Heidelberg, Germany), and the
polyclonal rabbit anti-S100 (Dako) were used.

Statistical analysis
For the array study, statistical unpaired analyses for each comparison between the relevant
study groups were performed using Significance Analysis of Microarrays (SAM) method
implemented in MultiExperiment Viewer (MeV) application (31, 32). Genes regulated
between 2 groups with a q-value (False Discovery Rate) below 0.05 were considered
significant and used for further transcriptional and pathway analyses. For the RT-PCR study,
a student t-test was used; a p-value<0.05 was considered significant.

RESULTS
Renal LN cross-species functional analysis

Differentially regulated genes were identified from the kidneys of mice with LN compared
with pre-diseased controls and from humans with LN compared to healthy kidneys. Human
LN kidneys demonstrated 3159 glomerular and 2261 tubulointerstitial genes with mRNA
expression significantly modified compared to living donor kidneys. Lupus mice were
compared to their pre-nephritic counterparts, using the same significance criteria and fold-
change used for the human study. 2642, 4015, and 2900 genes were differentially regulated
in NZB/W mice (36 wks old with established proteinuria compared to 23 wks old pre-
nephritic), NZM2410 mice (22–30 week nephritic compared to 7 week pre-nephritic
controls), and NZW/BXSB mice (18–21 week nephritic compared to 17 week pre-nephritic),
respectively. Real-time PCR validation of 120 genes confirmed > 85% of the genes
identified in the microarray analysis (manuscript in preparation). Table I displays the
number of genes significantly regulated in the murine disease groups available for analyses,
as well as the number of regulated genes overlapping with the human data in each renal
compartment. Murine data sets with highest degree of overlap in the network level
comparison were used for further studies (See Materials and Methods for more details and
Table I).

Gene expression profiles from whole mouse kidneys were compared with profiles from
human microdissected kidneys. This study will compare the murine whole kidney
expression data sets to the human tubulointerstitial compartment as the tubulointerstitial
compartment constitutes more than 95% of total kidney mass, driving the majority of the
signatures obtained from the mouse tissue. In addition, tubulointerstitial inflammatory
lesions and fibrosis correlate with the decrease of renal function in LN and are markers of
poor outcome (33–36).

The strategy used for cross-species shared transcriptional network analysis is schematically
depicted in Figure 1. A sequential knowledge extraction approach was applied first to
generate a transcriptional network that integrates differential gene expression with public
knowledge of gene interactions and automated promoter analysis to define transcriptional
dependencies in each data set. Next, conservation of regulatory network elements was tested
using a suboptimal graph matching approach (TALE) developed by Tian et. al. (28). TALE
identifies core network elements shared between two data sets. TALE tolerates a pre-defined
degree of mismatches in network substructure during consensus network generation, a
critical feature shown to be robust for identifying the cross-species differences seen in many
regulatory pathways between mouse and man. In the human–mouse comparison of LN, the
NZM2410 glomerulosclerotic mouse model showed the highest number of cross-species
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conserved regulatory hubs (nodes) identified by TALE, followed by the NZB/W model and
the NZW/BXSB model. The number of shared nodes was 125 (Figure 2A), 86 (Figure 2B)
and 67 (Figure 2C), respectively. Of these, 81 for the NZM2410, 62 for the NZB/W and 52
for the NZW/BXSB were regulated in the same direction as in the human samples. The lists
of nodes and their regulation in each species are provided in Supplementary Table II.

20 nodes (19 induced and one repressed) were common to the three LN murine models and
humans and regulated in the same direction (Figure 2D, 2E and Supplementary Table II).
These nodes mainly reflect transcripts associated with cellular infiltration and activation and
included genes involved in signal transduction (STAT1, LYN, ANXA2), cytokines/
chemokines (CCL5, CXCL10), cellular reorganization/traffic (RAB8B, VIM), cell surface
markers (PTPRC, TLR2, CD44) and antigen presentation/processing (B2M, and inducible
immunoproteasome subunits PSMB8, PSMB9). Three nodes were related to extracellular
matrix/GBM/fibrosis (FN1, COL18A1, TIMP1). An increase in lysosyme (LYZ) is most
likely reflective of proximal tubular damage. Finally four nodes reflected endothelial cell
activation (VCAM1), fibrinolysis (ANXA2), coagulation (F2R - thrombin receptor PAR1)
and decreased angiogenesis (VEGF-A) (Figure 2A). A decrease in VEGF-A expression was
confirmed at the protein level in the glomerular compartment of patients with lupus nephritis
compared with control biopsies or biopsies from patients with vasculitis and a similar degree
of kidney function (37). F2R (Thrombin receptor PAR1), FN1, LYN and VEGFA
represented the main nodes of the transcriptional network built based on the literature
knowledge, identifying these molecules as core elements in the shared regulatory network
across models and species (Figure 2E).

Pathway analysis of the genes regulated in the same direction from each cross-species
conserved network, further confirmed these findings, as the top pathways that were shared
between the three models and human LN interstitium reflected innate and adaptive immune
activation, immune cell infiltration and tissue remodeling (Table II and Supplementary
Table III). In addition, upregulation of immunoglobulin genes was observed in all three
models (particularly the NZB/W model) and in human LN, reflecting B cell and plasma cell
infiltration. These genes did not appear in the TALE or ingenuity analyses due to species
differences in the immunoglobulin repertoire.

TALE consensus networks generated from the comparison of the three mouse models and
the glomerular human LN dataset are provided in Supplementary Figure 1. Similar to the
results for the tubulointerstitial compartment, NZM2410 shared the most nodes with human
LN and 24 nodes, representing a prominent macrophage/DC signature, were shared between
all 3 models and LN.

Of the three models, the sclerotic kidneys of the NZM2410 mice shared most renal
transcriptional events with human LN tubulointerstitium. Of the 125 shared nodes between
NZM2410 and human LN kidneys and excluding the 20 common genes described above, 61
were regulated in the same direction (22 were downregulated and 39 upregulated)
(Supplementary Table II). The downregulated nodes included many genes involved in
cholesterol metabolism as well as genes involved in solute transport, consistent with loss of
differentiated tubular cell function. The upregulated nodes reflected tissue injury processes
(apoptosis, fibrosis, coagulation, tissue remodeling), expression of proteases, kinases and
protease inhibitors and IFN induced genes (Supplementary Table II).

Each of the two other models shared unique nodes with human LN interstitium. The NZB/W
mouse with diffuse proliferative glomerulonephritis shared 86 nodes with the human LN
kidneys. Excluding the 20 shared genes described above, 42 of them were regulated in the
same direction in both NZB/W and human tubulointerstitium (27 up and 15 down). 18 nodes
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were shared only by the NZB/W and human LN and included IFI30, CXCR4 and CCL9
(Supplementary Table II(D)). Many of the nodes unique to this human-NZB/W comparison
reflected lymphocyte infiltration and activation, a feature of human LN not found in
NZM2410.

The NZW/BXSB mouse with severe proliferative glomerulonephritis shared the least
number of nodes with the human LN tubulointerstitium (67 nodes). Excluding the 20 genes
common with the 2 other models as described above, 32 nodes were regulated in the same
direction as in human disease (26 up and 6 down). 17 genes were shared exclusively by the
NZW/BXSB and human LN (Supplementary Table II(D)). Unique nodes in this mouse
included Muc1, Nid2 and Matn1 that are involved in extracellular matrix formation, the
dendritic cell derived chemokine CXCL3, and the Type I interferon inducing transcription
factor IRF7, likely reflecting the increase in TLR signaling that occurs both in this mouse
and in human LN.

The gene expression pattern that we describe here in patients with LN might also be shared
with other inflammatory renal diseases. To address this point, microarray data from ERCB
cohorts available to the investigators as part of an independent study (manuscript under
review) were compared with the LN data. Gene expression data from glomeruli and
tubulointerstitial compartments of the inflammatory disease IgA nephropathy (IgAN) and
the non-inflammatory disease hypertensive nephropathy (HT) were compared to the human/
mouse overlapping gene expression profiles shown in Table I. For these comparisons we
focused on NZB/W and NZM2410 mouse models, as they share most features with the
human disease. As shown in Figure 3, a significant proportion of transcripts were found to
be regulated in an LN specific manner (26–39% of the regulated genes in LN. As expected,
more inflammatory genes were shared with the IgAN biopsies than the HT biopsies.
Interestingly the LN glomeruli had more downregulation of VEGFA and of mitochondrial
genes (citrate synthase node) than did the IgAN or HT biopsies (Figure 3A), suggesting a
greater degree of oxidative stress in the LN biopsies. The LN interstitium had a more
prominent Type I IFN signature (CXCL10 node) and more evidence of procoagulant activity
(THBS1 node) than did the IgAN or HT biopsies (Figure 3B and data not shown)

Renal LN macrophage functional analysis
A key feature of the cross-species comparison in LN was the concordant regulation of
macrophage/DC transcripts with a prominent antigen presentation and pattern recognition
receptor signature shared between mouse and man (Table II and Supplementary Table
III(A)). Mononuclear phagocytic cells have been extensively described as key players in
both acute and chronic kidney diseases (38–40) but to our knowledge, no study has yet
analyzed the macrophage transcriptome within the kidneys of LN patients. Purifying small
subpopulations of cells from human LN kidney biopsies is technically challenging due to the
limited amount available of kidney tissue from renal biopsy cores. We therefore applied a
cross-species integration strategy of defining the transcriptome of the renal mononuclear
phagocytes from nephritic mouse kidneys and using these data to define potential
macrophage/DC derived genes from SLE biopsy samples. For an overview of the strategy
employed see Figure 4.

We have previously shown in all three mouse models that activation of mononuclear
phagocytes associated with upregulation of CD11b on CD11b/F4/80hi/CD11cint intrinsic
renal “macrophages” (F4/80hi cells) is a cardinal feature of new onset proteinuria (14, 17,
18). Furthermore, in all three models F4/80hi cells are the dominant mononuclear phagocyte
population both in pre-nephritic and nephritic kidneys (14, 17, 18). Although cells from the
NZM2410 mouse kidneys, that share the most number of nodes with the human LN
tubulointerstitium, might provide the most information, these mice have far fewer F4/80hi
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cells than the other two strains and die almost as soon as they become proteinuric (18). We
therefore used the transcriptome from isolated F4/80hi cells from NZB/W kidneys as a probe
for the human samples. Gene expression array data from these cells have previously been
reported (17). A total of 2506 genes were differentially regulated in F4/80hi cells isolated
from kidneys from nephritic mice compared to those from ≤16 week old NZB/W mice
without any renal disease (q-value <0.05, fold-change ≥1.2 for the up-regulated genes and
≤0.8 for the down-regulated genes) (Figure 4A).

To analyze whether this murine renal F4/80hi intrinsic macrophage signature is present in
human LN kidneys, we compared the regulated murine renal F4/80hi genes with the genes
that were differentially expressed in the tubulointerstitium and glomeruli respectively of
patients with LN compared to living donor controls. 213 murine macrophage genes were
regulated in the same direction as in the human tubulointerstitium and 334 macrophage
genes were concordantly regulated in human glomeruli (Figure 4B). Literature based
networks were generated from these 213 “tubulointerstitial LN macrophage/DC genes” and
334 “glomerular LN macrophage/DC genes” for further interpretation.

A total of 110 macrophage/DC genes were expressed in both tubulointerstitium and
glomeruli of human LN biopsies (Figure 4B) and were dominated by a Type I interferon
signature with both MyD88 and IRF7 nodes (Figure 4B, lower panel). This signature
included MDA-5 (IFIH1) and Viperin (RSAD2), genes involved in nucleic acid sensing and
the interferon pathway. Fourteen of the “macrophage” genes found in both human renal
compartments had a binding-site for the transcription factor IRF7 in their promoter (as
assessed by Genomatix Inc, Table III), suggesting a role for TLR activation in tissue injury
(30). Other concordantly induced genes included the src family kinases Hck and Lyn, the
chemokine receptor CXCR4, complement factor C3, and Factor B, an important amplifier of
complement activation through the alternative complement pathway. Myc transcription
factor consensus binding sites were found to be significantly enriched in the promoter
regions of macrophage genes and concordant with this observation the transcriptional
repressor Myc was found to be downregulated in the isolated murine F4/80hi cells.

224 unique “macrophage” genes were expressed in the glomerular profile from human LN
biopsies. In this compartment PPARγ, MMP2, and the CD11b alpha chain ITGAM were
key nodes in the transcriptional network (Figure 4B). PPARγ binding sites were found to be
enriched in promoter regions of 25 glomerular macrophage genes, further supporting a role
of this transcriptional activator for macrophage transcript regulation in LN (Table III).
Multiple phagocytic receptors were upregulated in the glomerular profile (Trem2, MERTK
and TGM2), as well as tissue repair genes (MMP2, Heparanase, the anti-oxidant HMOX1
and SMAD7) and proinflammatory genes (Trem1, FPR1, CD40). Induction of multiple
elements of the proteasome resulted in ‘protein ubiquitination’ being scored as the top
ranking pathway (Supplementary Table III(B)) found in the shared transcriptome induced in
both murine LN macrophages and glomeruli from human lupus nephritis.

103 “macrophage” genes were shared with the genes differentially regulated in the LN
tubulointerstitium and included molecules from the coagulation and fibrinolytic systems:
F2R, Serpine 2 (PAI-1), TNC, THBS1, ANXA5 (Figure 4B). Transcription factor binding
analysis indicated a significant enrichment of NFκB binding sites in promoter regions of the
shared regulated transcripts (Table III).

In sum, the comparative analysis of murine derived transcriptome of renal macrophages with
human LN signatures allowed us to define transcriptional networks operating ubiquitously in
LN including IRF7 dependent transcripts, as well as those operating in distinct
microenvironments. Signatures of glomerular resident macrophages showed a specific
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enrichment for PPARγ dependent regulation, whereas tubulo-interstitial macrophages
showed a predominance of NFκB dependent transcripts.

Much of the data from the macrophages of NZB/W mice has previously been validated
using real-time RT-PCR (17) and real-time RT-PCR data for whole kidneys from each of
the three mouse strains will be reported separately (manuscript in preparation). Human
microarray data were validated by processing TaqMan real-time PCR on tubulointerstitial
samples from an independent cohort for several of the specific genes of interest described in
the above paragraphs (Supplementary Table I and Table IV). Since glomerular material is
very limited, we focused validation on the most relevant gene (ITGAM) in these samples
(Table IV). All genes evaluated by RT-PCR were significantly regulated with high fold-
change in LN compared to healthy pre-transplant living donors (fold-change between 1.48
and 22.21, p-value < 0.05), except CD14, CXCR4 and GPNMB for which there was a trend
towards upregulation as observed in the arrays. TaqMan real-time PCR was also performed
on a subset of 9 LN from the 32 used on arrays and 6 LDs. All genes were significantly up-
regulated in this technical replicate (data not shown).

Immunohistochemical staining of kidneys
To illustrate differences between mononuclear cells in microcompartments of the human
kidney a series of 10 biopsies with lupus nephritis were compared with 5 pretransplant
controls (Figure 5). Immunohistochemistry for DC-SIGN (CD209), the myeloid DC marker
S100 and the macrophage scavenger receptor CD68 was performed in human LN (Figure 5).
As predicted by the transcriptional analysis, SLE patients had an increase in cells staining
with all three markers. CD68 positive cells were found both within the glomeruli and in the
interstitium, whereas DC-SIGN positive cells were restricted to the interstitium. S100
positive cells were loosely scattered in both glomeruli (circulating cells within glomerular
capillaries) and the interstitium. These findings confirm our hypothesis generated from the
transcriptional data that distinct renal mononuclear phagocytes infiltrate the different
intrarenal compartments in human LN.

In sum, our data suggest that there are different functional features of various mononuclear
phagocytic populations that infiltrate different renal microenvironments in LN.

DISCUSSION
While much of the focus in the classification of human lupus has been on the glomerulus,
there is an increasing understanding that renal outcomes correlate best with the degree of
tubulointerstitial inflammation and damage (33–35). After the deposition of immune
complexes in the glomeruli, periglomerular macrophages may be attracted by locally
produced chemokines or may be activated by inflammatory mediators to proliferate in situ.
In addition, because the effluent blood flow from the glomerulus provides the sole blood
supply for peritubular capillaries, glomerular hypertension and hypertrophy compromise
peritubular blood flow resulting in hypoxia, tubular activation and tubular epithelial cell
death. This induces resident macrophage activation and peritubular inflammation and is
associated with tissue remodeling, fibrosis (33) and finally, irreversible renal damage.
Release of damaged tissue, cytokines, and other inflammatory mediators amplify the
inflammatory process. These effector inflammatory processes are likely to be shared
between individuals and may be addressed therapeutically.

Our study therefore had two major goals. The first was to identify common expression
profiles that reflect renal events shared between the three murine models and human LN.
Defining such common pathways between mouse models and human diseases will most
likely result in therapeutic targets with broad specificity. Our second goal was to define
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which molecular pathways found in the three disparate murine models with proliferative
(NZB/W and NZW/BXSB) or sclerotic (NZM2410) glomerulonephritis are shared with
human LN. This will facilitate experimental studies in murine LN models by allowing the a
priori selection of the model system most closely mimicking the human LN situation for the
specific pathway under interrogation. Our study showed that the sclerotic kidneys of the
NZM2410 mice shared most renal transcriptional events with human LN kidneys but also
identified unique features of each of the murine models that were shared with human LN,
stressing the need to have multiple model systems with matching molecular data available
for further experimental validation of human LN pathways.

Transcriptional analyses of human and mouse kidneys with lupus nephritis and proteinuria
using the Tool for Approximate LargE graph matching (TALE) allowed us to extend our
analysis beyond a simple gene-gene comparison by overlapping transcriptional networks
from the two different species and then defining shared functional relationships. This
analysis showed that macrophages/DCs are key players in the development of LN disease.
The small amount of tissue obtained from kidney biopsies is a limitation for studying the
role of isolated cell populations in the pathogenesis of human LN disease. The strategy of
analyzing gene expression profiles from infiltrating macrophage populations obtained from
mouse kidneys allowed us to attribute mRNA signature to those cells in the human samples
even when such information might not be derived from the human tissue homogenate
initially. These studies suggest differences in functional activities between mononuclear
phagocytes in different renal sub-compartments.

The shared transcriptional profile
Using TALE analysis, we identified 20 common transcriptional network nodes that were
shared by all three LN murine models and the tubulointerstitium of human LN and regulated
in the same direction. These nodes reflect key processes in chronic renal injury in SLE
nephritis, namely immune cell infiltration and activation, macrophage and dendritic cell
activation, endothelial cell activation and damage and tissue remodeling/fibrosis, processes
that were confirmed by pathway analysis.

Of the three models, the sclerotic kidneys of the NZM2410 mice shared most renal
transcriptional events with human LN kidneys. Histologically, the kidneys of NZM2410
mice model have a limited degree of inflammation and more glomerulosclerosis than those
of the other two strains (12). The highest similarity of this model to human LN could be
because patients may have, in contrast to the murine models, accumulated significant
chronic end-organ damage before they are referred to a nephrologist and undergo renal
biopsy. In addition, most patients are already partially treated by the time biopsies are
performed, thus repressing the severity of acute inflammation compared to the untreated
mouse models. Thus the NZM2410 mouse may be an appropriate mouse model for testing
add-on therapies directed at chronic progression of LN.

Most of the transcriptional network nodes unique to the NZB/W mouse with diffuse
proliferative glomerulonephritis reflected lymphocyte infiltration and activation, a feature
found in many SLE biopsies; this feature of nephritis is not found in NZM2410. In particular
the expression of CXCR4 was elevated; this chemokine receptor is expressed on plasma
cells in mice and is overexpressed on multiple leukocyte subsets in active lupus patients; its
ligand CXCL12 is overexpressed in human LN kidneys (41, 42). Tubulointerstitial
inflammation with lymphoid aggregates that may include germinal centers and abundant
plasma cells is commonly found in human LN and is associated with worse renal outcome
(43, 44). Indeed, a prominent immunoglobulin signature was found both in mouse kidneys
and in the human tubulointerstitium. Compared with NZM2410 there was less expression of
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nodes that included proteases, pro-apoptotic molecules and extracellular matrix. Thus this
model appears to have more inflammation and less tissue remodeling than NZM2410.

The NZW/BXSB mouse model shared the least number of nodes with the human LN
kidneys and surprisingly, given that both NZB/W and NZW/BXSB have severe proliferative
disease, overlapped less with the NZB/W mouse than it did with NZM2410. This may
reflect, as discussed above, the partially treated nature of the human disease. Unique nodes
in this mouse were associated with extracellular matrix formation and myeloid cell
activation, consistent with the large numbers of infiltrating myeloid cells in this model (14).

Several nodes were discordantly regulated in the murine models and human samples. These
included nodes indicating a response to ER stress or hypoxia (SERPINE1, EGR1, ATF3,
MYC, CDKN1A, Fos and Jun), and genes that downregulate acute inflammatory cytokines
(SOCS3, ATF3, LIF, NFKBIA). These findings suggest a greater degree of hypoxia in the
mouse models than in human disease, perhaps reflecting the aggressive nature of the
untreated murine disease.

In summary, the three regulatory networks representing the transcriptional events shared
between the human LN tubulointerstitium and kidneys of three different LN mouse models
showed significant overlaps, but also characteristics specific to each model, each of which is
shared with the human disease. These findings underscore the heterogeneity of lupus
nephritis and the pitfalls of extrapolating from a single mouse model to human disease. Our
study illustrates the necessity of studying different mouse models, as specific questions
about human disease might best be answered using a particular model. Importantly, the
transcriptional profile highlighted a large number of genes associated with processes
involved in chronic renal injury and disease progression that may be resistant to systemic
immune suppression. Furthermore, comparison of the LN profiles with those of two other
human renal diseases showed both similarities and differences. In particular, the differences
between LN and IgA nephropathy reflected more prominent tissue hypoxia and tissue
remodeling in the LN biopsies, features that might require a different type of therapeutic
intervention in order to prevent a poor longterm outcome seen in LN. Our findings stress the
need for including management strategies in SLE nephritis directed at slowing the
progression of the renal impairment that may continue even after systemic inflammation has
resolved.

This approach has a number of intrinsic limitations. First, TALE has been designed to
provide the similarities between large networks (from two species here). Indeed, it aligns
networks to define the conserved network. By definition, “approximate large graph
matching” is useful because it has a defined mismatch tolerance and thereby can build a
consensus signature; however, this feature is not optimized to define differences between
networks. Second, as our transcriptional network generation integrates differential gene
expression with automated promoter analysis and natural language processing using
PubMed abstracts, it is biased towards the current literature, thereby enriching for known
biological interactions between transcripts. Third, as most of the patients were at least
partially treated at the time of biopsy, leading to treatment induced alterations of the
expression profiles they may not display the natural disease history observed in the murine
models, masking important aspects of disease pathogenesis.

Despite these constraints, our study has identified a prominent macrophage/DC activation
signature as a key feature of all three lupus models and of human LN. Indeed, our study
confirms a previous report (44) of a prominent myelomonocytic signature in the glomeruli
of most LN patients, with expression of a set of genes similar to that identified here. Our
findings therefore suggest not only that further study of these cell types, their origins and the
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mechanisms by which they become activated in the kidneys may yield new therapeutic
strategies, but that mouse models such as NZB/W are suitable for performing these studies.

The macrophage profile
Pathway analysis of the shared nodes identified mononuclear phagocyte activation as a key
player in LN. We therefore investigated the contribution of these cells to the total mRNA
expression profile by comparing the human compartment specific gene expression profiles
with the profile of the dominant F4/80hi intrinsic macrophage population isolated from
control and nephritic NZB/W kidneys. This strategy allowed us to detect transcripts of the
macrophage signature in the heterogenous human renal tissue.

Resident renal mononuclear phagocytes have variably been called resident or intrinsic renal
macrophages or resident renal dendritic cells (16). In mice there are at least 5 subpopulations
of these cells in the kidneys ((17) and Sahu and Davidson, in preparation) but the major
population that forms a network throughout the interstitium expresses high levels of F4/80,
CD11b, intermediate levels of CD11c and low/intermediate levels of Ly6C and they are
positive for MHC Class II but express low levels of costimulatory molecules (17). The
generation of CX3CR1-GFP labeled mice has allowed visualization of analogous CX3CR1
positive cells in a network surrounding glomerular tubules (45). These cells are capable of
phagocytosis and constantly retract and extend dendritic processes into the interstitium (46,
47). Their role is probably a sentinel one under physiologic circumstances, but they can
contribute to renal injury once activated. We have recently shown that F4/80hi resident renal
cells increase in number in the periglomerular area and/or throughout the interstitium in all
three lupus models during the course of the disease; they become activated with disease
onset (17, 18, 19) and revert to their physiologic state upon induction of remission. The
expression profile of these cells reveals a mixed functional signature with both M1 and M2
like characteristics that likely reflects exposure of SLE kidney resident macrophages to
multiple stimuli including immune complexes, multiple cytokines, TLR signals, fibrinogen,
dead and dying cells, hypoxia and other danger signals. This aberrant activation profile is
associated with chronic and progressive renal injury (17).

In humans, only limited phenotypic analyses of macrophages and DC have been performed
(30, 48, 49), mostly using immunohistochemistry. Human tubulointerstitial CD68 positive
mononuclear phagocytes have a mixed phenotype and include CX3CR1 positive cells and
cells variably positive for the C type lectins DC-SIGN and BDCA-1. As we show here, in
SLE biopsies CD68 positive cells infiltrate both the glomerular and the tubulointerstitial
compartment but interestingly the tubulointerstitial cells tend to be positive for DC-SIGN
whereas cells that accumulate in and around glomeruli are negative for DC-SIGN (reviewed
Nössner et al, Nephron exp. Nephrology submitted), suggesting potential functional
differences between the two compartments. A previous study of gene expression of
microdissected glomeruli form SLE patients revealed that nearly all lupus biopsies have a
myelomonocytic expression signature (44) that includes genes that we have also detected in
F4/80hi cells from nephritic kidneys. Functional studies in humans are however still lacking.

Our strategy allows us to separately query the glomerular/periglomerular and
tubulointerstitial compartments of human LN biopsy samples for genes that are regulated in
activated renal mononuclear phagocytes from nephritic NZB/W mice. This strategy allows
us to extract gene expression patterns that reflect differences in expression rather than
changes in cell number. The genes shared by murine activated F4/80hi macrophages and
both human intrarenal compartments are dominated by a prominent Type I interferon
signature, activation of the alternative complement pathway through Factor B, and
upregulation of the src family kinases Hck and Lyn that are important effectors of integrin
mediated macrophage adhesion and Fc receptor mediated phagocytosis (47, 50–52). The
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chemokine receptor CXCR4 that is expressed by multiple leukocyte subsets in SLE kidneys
(41, 42) is also highly upregulated. CXCR4 blockade has been reported to reduce renal
leukocyte infiltration in murine lupus nephritis (41, 53). Transcription factor analysis
revealed a large number of genes regulated by the transcriptional repressor Myc that is itself
downregulated in the murine cells. Downregulation of Myc is associated with monocyte to
macrophage differentiation although the functional target genes are not well defined (54,
55).

Unique profiles of the “macrophage signature” in the glomerular and interstitial
compartments also suggest functional differences. The 224 unique genes shared between the
NZB/W macrophage signature and human LN glomeruli are dominated by a PPARγ
transcriptional profile. PPARγ is expressed by alternatively activated macrophages and
suppresses the production of inflammatory cytokines while inducing production of IL-10
(56, 57); it also mediates phagocytosis of apoptotic material (58). PPARγ agonists decrease
extracellular matrix accumulation and prevent renal macrophage accumulation in response
to injury. PPARγ deficient macrophages also fail to acquire an anti-inflammatory phenotype
upon engulfment of apoptotic cells, suggesting a role of PPARγ in immune clearance.
Several recent studies have shown remarkably beneficial effects of PPARγ agonists in
murine models of SLE nephritis, suggesting that these drugs could be appropriate therapies
for preventing chronic renal damage in SLE (59, 60); our study suggests that these drugs
may enhance a protective function of glomerular macrophages in humans as well. Other
phagocytic receptors were also highly upregulated in the glomerular profile suggesting that
the glomerular macrophages are actively involved in phagocytosis as are the mouse F4/80hi

cells (17). Pathway analysis revealed a significant enrichment of protein ubiquitination
transcript regulation in glomeruli. We have previously shown that F4/80hi cells from
proteinuric NZB/W mice accumulate large numbers of autophagocytic vesicles (17). An
increase in both protein ubiquitination and autophagy pathways, together with the increase
in cell surface molecules involved in phagocytosis, suggest an important role for these cells
in intracellular proteolysis, presumably of oxidatively modified and ubiquitinated proteins.
The glomerular “macrophage” profile also uniquely expressed a tissue repair signature,
suggesting a role for these cells in tissue remodeling. Together, these data suggest that the
glomerular mononuclear phagocyte is an actively phagocytic cell with potentially protective
functions but that it may also contribute to aberrant tissue remodeling.

The unique tubulointerstitial-restricted “macrophage” signature was characterized by
expression of genes involved in the coagulation and fibrinolytic systems. These genes might
therefore be useful as markers for the presence of tubulointerstitial infiltrates and possibly a
risk for fibrosis in LN. Another gene highly expressed in the interstitium is GPNMB
(osteoactivin) that is upregulated during macrophage differentiation from monocytes and
appears to function as a negative regulator of inflammation (61). Upregulation of
osteoactivin has been observed in monocytes obtained from uremic patients or in normal
monocytes cultured in uremic serum (61) as well as in CD11b+ cells within inflammatory
myocardial infiltrates in a model of adverse myocardial remodeling (62). In addition this
compartment was characterized by a striking NFκB transcriptional profile that was absent in
the glomerular “macrophage” signature. These findings in sum suggest that although
mononuclear phagocytes in different renal locations share some functional characteristics,
the different microenvironments are associated with unique gene expression profiles that
may profoundly influence cell function.

Several genes that were highly upregulated in F4/80hi cells from NZB/W nephritic kidneys
(17) were not regulated in human LN samples. Some of this discrepancy may have been due
to the dilution effects of whole tissue vs. purified cells, for example IL-10 expression was
not regulated in whole mouse kidneys although it was highly expressed in isolated F4/80hi
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cells from proteinuric mice. Nevertheless, these differences are a reminder that the animal
models do not necessarily reflect the human processes in their entirety. Our studies allow us
to determine which pathways best reflect the human disease and can be further investigated
in the appropriate mouse models.

An obvious limitation is that a “specific transcriptional macrophage signature” cannot be
definitively attributed in the context of whole organ sampling since some of the mRNAs
expressed by isolated F4/80hi cells may also be expressed either in the same or opposite
direction by other resident cells. For example, while Myc expression is downregulated in
isolated F4/80hi cells, reflecting their maturation status, it is upregulated in whole mouse
kidneys. Nevertheless our study has generated hypotheses that can now be tested in the
relevant murine models. In particular, by enhancing or antagonizing specific functions of
these cells it may be possible to identify which of their functions are protective and which
are pathogenic. This could lead to new strategies that harness their therapeutic potential.

In summary our study identified the renal transcriptional features common in human LN and
three LN murine models; this strategy will help the scientific community to select the
appropriate model to study pathways or pathogenic processes of interest. These common
characteristics can further form the basis for new therapeutic strategies. Conversely,
characteristics unique to each of the three murine models might be exploited to subset
patients for further studies based on their renal molecular profiles. Our study highlights the
contribution of renal mononuclear phagocytic cells in both mouse and man, with both
phenotypic similarities and differences in gene expression between the glomerular and
tubulointerstitial compartments. We can now explore the functional and therapeutic
implications of these findings, confirmed in humans, by further experimentation in our
mouse models. This bidirectional flow of information should allow us not only to discover
new therapeutic opportunities, but also to identify genes that are biomarkers for clinical
disease stage or outcome.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

anti-Sm/RNP anti-Sm antigen/ribonucleoprotein

DC dendritic cell

DC-SIGN dendritic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin

IACUC institute animal care and use committee

LN lupus nephritis

NZB/W New Zealand Black/New Zealand White (mouse hybrid)

NZM New Zealand mixed; NZW/BXSB

SLE systemic lupus erythematosus

SPF specific pathogen free

TALE Tool for Approximate LargE graph matching
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Figure 1. Analytical strategy of cross-species shared tubulointerstitial transcriptional networks
using the Tool for Approximate LargE graph matching (TALE)
Individual transcriptional networks were generated using the literature-based Genomatix
Bibliosphere software and were overlapped using TALE to define cross-species shared
transcriptional networks.
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Figure 2. Human-mouse shared tubulointerstitial transcriptional networks
Networks sharing the most connections between human LN and (A) NZM2410 (nephritic
vs. young control) (125 nodes), (B) NZB/W (36 wks with established nephritis vs. 23 wks
pre-nephritic) (86 nodes), and (C) NZW/BXSB (nephritic vs. prenephritic) (67 nodes). (D)
represents the overlap of the nodes between the three comparisons, using only the nodes
regulated in the same direction in both species in each network (81/125 nodes in the
NZM2410, 62/86 nodes in the NZB/W and 52/67 nodes in the NZW/BXSB). Legend: Each
node represents a gene; each edge (blue line) represents a connection between two nodes.
The nodes having more than 20 connections, between 2 and 19 connections and only one
connection are displayed in the inner layer, the middle layer and the outside layer,
respectively. In red, green and white are respectively the nodes up-regulated in both species,
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down-regulated in both species and discordantly regulated among species. (E) represents the
transcriptional Genomatix Bibliosphere network from the 20 overlapping nodes of the
TALE results.
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Figure 3. Human-NZB/W mouse LN comparison with IGAN and HT
A. Glomerular compartment. B. Tubulointerstitial compartment. The figures display the
transcriptional networks (Genomatix Bibliosphere) obtained from the genes that were co-
cited in PubMed abstracts in the same sentence linked to a function word (B2 filter) (145
of166 genes (A-left panel), 220 of 243 genes (A-right panel), 104 of 112 genes (B-left
panel), 138 of 147 genes (Bright panel)). LN regulated transcripts were mapped into the
transcriptional networks and included in the comparison * q-value<0.05 and fold-change ≥
1.2 for the up-regulated genes and ≤ 0.8 for the down-regulated genes.
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Figure 4. Renal LN F4/80hi intrinsic functional analysis
A. Analytical strategy of renal LN “macrophage” functional analysis (q-value <0.05, fold-
change ≥1.2 for the up-regulated genes and ≤0.8 for the down-regulated genes). B. Overlap
of the defined tubulointerstitial and glomerular “macrophage genes”. Transcriptional
networks generated using the literature-based Genomatix Bibliosphere software from the
103 tubulointerstitial-restricted genes, the 224 glomerular-restricted genes and the 110 genes
shared by both compartments and mouse F4/80hi intrinsic macrophages (q-value<0.05, fold-
change ≥1.2 for the up-regulated genes and ≤0.8 for the down-regulated genes).
Respectively, the pictures display the 42/103, 78/110 and 120/224 genes that were co-cited
in PubMed abstracts in the same sentence linked to a function word (B2 filter).
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Figure 5. Localization of macrophage/DC markers in human lupus nephritis
Immunohistochemistry for CD68 (A, D, G), S100 (B, E) and DC-SIGN (C, F, H) was
performed on consecutive sections from a pre-transplant biopsy (A–C), and biopsies with
lupus nephritis class IV (ISN/RPS 2003 classification, original magnifications X200 in A–F,
X400 in G and H). Scattered CD68 and lower numbers of S100 positive cells were found in
the tubulointerstitium (arrow) and occasionally in glomerular capillaries (arrowhead) in
pretransplant biopsies (A, B). A low number of DC-SIGN positive cells were present in the
tubulointerstitium (C, arrow). In contrast prominent numbers of CD68 and DC-SIGN
positive cells where present in biopsies from patients with lupus nephritis (D–G).
Consecutive sections demonstrate a prominent number of CD68 positive cells in glomerular
capillaries (arrowheads in D and G), but also a prominent accumulation of CD68 positive
cells in the tubulointerstitium (arrows). DC-SIGN positive cells were restricted to the
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tubulointerstitium (arrow in H), but no DC-SIGN was expressed on glomerular CD68
positive cells.
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