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ABSTRACT
Objective Lupus nephritis is one of the most common and 
serious complications of systemic lupus erythematosus 
(SLE). Lupus nephritis is a major cause of kidney failure 
in patients with SLE, attributed to increased morbidity 
and mortality. The in situ deposition of intrarenal immune 
complexes promotes the accumulation of inflammatory 
cells and causes kidney injury.
Methods We here extracted transcriptome array datasets 
for expression of complement molecules in human lupus 
nephritis. Furthermore, we performed gene set enrichment 
analysis to identify molecular signatures associated with 
follow- up kidney function in lupus nephritis.
Results Within the glomerular compartment, intrarenal 
mRNA expression levels of C3AR1 (p=0.0333) and C5AR1 
(p=0.0167) correlated with treatment success reflected 
by kidney function recovery specifically in class III lupus 
nephritis, while no such association was observed in 
class II or class IV lupus nephritis. Interestingly, mRNA 
expression levels of either glomerular C3AR1 or C5AR1 
resulted in identical gene set and signalling pathways 
enrichments in human lupus nephritis, including interferon 
signalling and signalling by interleukins. Direct comparison 
of C3AR1 and C5AR1 confirmed a strong association 
between glomerular mRNA expression levels of both 
complement receptors (r=0.8955, p<0.0001).
Conclusions This study provides additional insights into 
signalling pathways associated with intrarenal synthesis 
of complement components in lupus nephritis that might 
be also affected by targeted therapy of the complement 
system. These results require confirmation but may 
contribute to a personalised treatment approach in distinct 
classes of human lupus nephritis.

INTRODUCTION
Lupus nephritis is one of the most common 
and serious complications of systemic lupus 
erythematosus (SLE).1 Lupus nephritis is 
a major cause of kidney failure in patients 
with SLE, attributed to increased morbidity 
and mortality.2 Lupus nephritis classifica-
tion has last been updated in 2018.3 Class I 
lupus nephritis (minimal mesangial) has a 
prevalence of 1% in adults and represents 
<20% of all cases of nephrotic syndrome 

that undergo renal biopsy.4 5 Class II lupus 
nephritis (mesangial proliferative) accounts 
for 7%–22% of all cases and generally 
presents with isolated haematuria, low- grade 
proteinuria and normal renal function.6–8 It is 
considered mild, but it is associated with the 
risk of further progression to focal or diffuse 
class III/IV lupus nephritis.9 10 Classes III and 
IV lupus nephritis (focal and diffuse prolif-
erative glomerulonephritis) is most preva-
lent and associated with the highest risk of 
progressive kidney disease requiring prompt 
immunosuppressive treatment.8 Class V lupus 
nephritis (membranous glomerulopathy) 

WHAT IS ALREADY KNOWN ON THIS TOPIC

 ⇒ Lupus nephritis is one of the most common and seri-
ous complications of systemic lupus erythematosus, 
attributed to increased morbidity and mortality.

 ⇒ The in situ deposition of intrarenal immune complex-
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ling by interleukins.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The fact that intrarenal synthesis of C3AR1 and 
C5AR1 correlated with treatment success specifical-
ly in class III lupus nephritis may indicate that a more 
personalised treatment approach may be rational.

 ⇒ Furthermore, the overlapping molecular signatures 
between glomerular C3AR1 and C5AR1 expression 
could imply that blocking both complement recep-
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is presenting with nephrotic range or non- nephrotic 
proteinuria and often associated with proliferative 
forms.11 12 Class VI lupus nephritis (advanced sclerosing) 
is defined by more than 90% of sclerotic glomeruli, often 
resulting in impaired renal function and variable amount 
of proteinuria.

The in situ deposition of intrarenal immune complexes 
promotes the accumulation of inflammatory cells and 
causes kidney injury especially in active classes III and IV 
lupus nephritis.13 14 Among them, complement system 
activation with decreased serum levels of complement 
C3 and C4 have been found in about 75% of patients 
with SLE with focal nephritis and 90% in patients with 
diffuse nephritis.15 In addition, colocalisation of immu-
noglobulin isotypes IgG, IgA and IgM along with C1q, C3 
and C4 in the glomerular compartment is almost exclu-
sively present in patients with lupus nephritis.16 Among 
potential sources of intrarenal complement deposits, the 
concept of intrarenal complement synthesis has been 
described more than three decades ago in experimental 
lupus nephritis.17 Because protein- based detection 
methods of intrarenal deposits cannot dissect between 
these sources of complement components, we have previ-
ously analysed transcriptome datasets to systematically 
describe glomerular synthesis of complement compo-
nents in lupus nephritis.18 However, relevance of glomer-
ular complement synthesis with regard to treatment 
response and progression of lupus nephritis remains 
elusive. Therefore, we here aimed to expand our current 
knowledge about intrarenal complement synthesis asso-
ciated with treatment success reflected by recovery of 
kidney function in human lupus nephritis.

METHODS
Data extraction from Nephroseq
Transcriptome array datasets were used from Nephroseq 
(www.nephroseq.org, June 2022, University of Michigan, 
Ann Arbor, Michigan, USA). Particularly, median- centred 
log2 mRNA expression levels (GSE32591, platform: Affy-
metrix Human Genome U133 Plus 2.0 Array, altCDF v10) 
were extracted specifically from microdissected glomer-
ular and tubulointerstitial compartments from lupus 
nephritis samples with available data for lupus nephritis 
class and glomerular filtration rate (GFR) slope (class II: 
n=6, class III: n=6, class IV: n=12, online supplemental 
figure 1 and tables 1–3).19 According to Nephroseq, delta 
GFR slope corresponds to the last GFR value according 
to modification of diet in renal disease obtained from 
the patient minus the first GFR value (at time of biopsy), 
divided by the number of years of follow- up.

Gene set enrichment analysis
For gene set enrichment analysis, the whole dataset (14 
samples from healthy living donors, 32 samples with 
lupus nephritis) were included, and genes co- expressed 
with glomerular mRNA expression of C3AR1 (reporter: 
209906_at) and C5AR1 (reporter: 220088_at) were 

extracted from Nephroseq (www.nephroseq.org, June 
2022, University of Michigan, Ann Arbor, Michigan, USA, 
online supplemental table 4). Co- expression analysis for 
tubulointerstitial C9 (reporter: 206727_at) was not avail-
able from Nephroseq (www.nephroseq.org, November 
2022, University of Michigan, Ann Arbor, Michigan, USA). 
Candidate genes with a correlation threshold of ≥0.5 were 
used for pathway analysis with reactome (http://reac-
tome.org) with a predefined entities value of p≤0.0010.20

Statistical methods
Variables were tested for normal distribution using 
the Shapiro- Wilk test. Statistical comparisons were not 
formally powered or prespecified. Categorical variables 
are presented as frequency and percentage, mean±SD are 
shown for normally distributed values, and median (IQR) 
for non- normally distributed values. Spearman’s correla-
tion was performed to assess the correlation between GFR 
slopes and median- centred log2 mRNA expression levels, 
and the direct comparison between glomerular mRNA 
expression levels of C3AR1 (209906_at) and C5AR1 
(220088_at). Heatmaps reflecting the mean values of 
Spearman’s ρ are shown, the asterisks indicating statis-
tical significance correlations. For group comparisons, 
the Mann- Whitney U test was used to determine differ-
ences in medians. Data analyses were performed with 
GraphPad Prism (V.9.3.1 for macOS, GraphPad Software, 
San Diego, California, USA). Stepwise multiple regres-
sion analyses were performed using IBM SPSS Statistics 
(V.27 for MacOS, IBM Corporation, Armonk, New York, 
USA). We retained covariates significantly associated with 
GFR slope in a multivariable regression model, limiting 
the model covariates to avoid model overfit. A probability 
(p) value of <0.05 was considered statistically significant.

RESULTS
We first compared intrarenal mRNA expression levels of 
complement components in class II, class III and class 
IV lupus nephritis with GFR slope per year. Within the 
glomerular compartment, intrarenal mRNA expression 
levels of complement receptors C3AR1 (p=0.0333) and 
C5AR1 (p=0.0167) correlated with a positive correlation 
with GFR slope per year specifically in class III lupus 
nephritis (figure 1A). Interestingly, no such associa-
tion was observed in class II or class IV lupus nephritis 
(figure 1A). Within the tubulointerstitial compartment, 
specifically mRNA expression levels of complement 
C9 correlated with positive GFR slope specifically in 
class III lupus nephritis (figure 1B). Multiple regres-
sion analysis confirmed that glomerular C5AR1 was the 
main denominator of positive eGFR slope in class III 
lupus nephritis (glomerular C3AR1: β=0.2934, p=0.7906, 
glomerular C5AR1: β=0.923, p=0.0087; tubulointerstitial 
C9: β=0.0737, p=0.8855, figure 1A,B). Because glomer-
ular C3AR1 had no independent association with GFR 
slope, we next aimed to identify molecular signatures 
associated with these complement receptors in lupus 
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nephritis. Interestingly, mRNA expression levels of either 
glomerular C3AR1 or C5AR1 resulted in identical gene 
set and signalling pathways enrichments (figure 2A). 
Glomerular expression of both complement receptors 
correlated with enrichment of interferon signalling and 
signalling by interleukins in lupus nephritis (figure 2A). 
Direct comparison of C3AR1 and C5AR1 confirmed a 
strong association between glomerular mRNA expres-
sion levels of both complement receptors (r=0.8955, 
p<0.0001, figure 2B). In summary, we here describe that 
glomerular expression of complement receptor C5AR1 
associated with positive GFR slope specifically in class III 
lupus nephritis. Furthermore, intrarenal expression of 
complement receptors C3AR1 and C5AR1 were strongly 
correlated among one another with identical molecular 
signatures in human lupus nephritis.

DISCUSSION
In experimental and human lupus nephritis, the comple-
ment system has a protective role mediated by cell death 
and circulating immune complex clearance.21 22 In addi-
tion, complement system activation and the in situ deposi-
tion of immune complexes from the circulatory system or 
kidney may promote the accumulation of inflammatory 

cells and cause kidney damage in lupus nephritis.14 While 
the role of the complement system in the pathogenesis 
of lupus nephritis has long been described, its paradox-
ical effects on disease activity make it a challenging thera-
peutic target. Therefore, a detailed knowledge about the 
role of distinct complement components is essential for 
complement targeted therapy in lupus nephritis.

We have previously identified accelerated intra-
renal synthesis of distinct classical and alternative 
complement pathway components to associate with 
impaired kidney function.18 We here expand our 
current knowledge, providing evidence that intra-
renal expression of distinct complement pathway 
components is also correlated with progression of 
lupus nephritis. Particularly, glomerular expression 
of complement receptors C3AR1 and C5AR1 associ-
ated with positive GFR slope specifically in class III 
lupus nephritis. Blocking C3 and C5 complement 
receptors have been shown to protect from experi-
mental lupus nephritis.23 24 Combined with our obser-
vations that both complement receptors showed a 
positive correlation with GFR slope, this may impli-
cate a link between glomerular expression of comple-
ment receptors C3AR1 and C5AR1 and treatment 

Figure 1 Intrarenal expression of complement molecules associated with progression of lupus nephritis. (A, B) Correlations 
between GFR slope and mRNA expression levels of distinct complement molecules are shown separated for the glomerular 
and tubulointerstitial compartment in human lupus nephritis (class II: n=6, class III: n=6, class IV: n=12) are shown by heatmaps 
reflecting mean values of Spearman’s ρ. Circle size represents significance level in the univariate analysis, asterisk (*) in the 
multivariate analysis. GFR, glomerular filtration rate
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success in lupus nephritis. Upregulation of C3 and 
C5 complement receptors has already been described 
in experimental lupus nephritis and observed in the 
initial phase of kidney injury, supporting an involved 
in disease development.23 24 This experimental data is 
in line with our observation that glomerular C3AR1 
and C5AR1 expression correlated with treatment 
success specifically in focal class III lupus nephritis 
(representing early proliferative glomerulonephritis 
affecting fewer than 50% of the glomeruli) and not 
in diffuse class IV lupus nephritis (representing later 
stage proliferative glomerulonephritis affecting 50% 
or more of the glomeruli). Classes III and IV lupus 
nephritis are distinguished quantitatively because it is 
considered that there is a continuum for severe lupus 
nephritis with segmental lesions.25 However, not all 
cases of class III lupus nephritis progress towards class 
IV.26 Indeed, classes III and IV lupus nephritis have 
various subtypes, such as endocapillary glomerulo-
nephritis, necrotising crescentic glomerulonephritis 
associated with anti- neutrophil cytoplasmic antibody, 
renal vascular lesions including thrombotic micro-
angiopathy and focal segmental glomerulosclerosis 
associated with lupus podocytopathy.27–30 Moreover, 
we here identified that intrarenal expression of both 

complement receptors were strongly correlated among 
one another with identical molecular signatures in 
human lupus nephritis that involve interferon signal-
ling and signalling by interleukins. This is in line with 
observations in animal models reporting that inter-
feron gamma signalling was required for development 
of experimental lupus nephritis.31 Because blocking 
C3 and C5 complement receptors have been shown 
to protect from experimental lupus nephritis, these 
complement receptors are an attractive therapeutical 
target in human lupus nephritis.23 24 The fact that 
intrarenal synthesis of C3AR1 and C5AR1 correlated 
with treatment success specifically in class III lupus 
nephritis may indicate that targeting the complement 
system may vary between distinct classes of human 
lupus nephritis, and a more personalised treatment 
approach may be rational. Furthermore, the overlap-
ping molecular signatures between glomerular C3AR1 
and C5AR1 expression could imply that blocking both 
complement receptors may have additional effects. 
This is of particular interest since ongoing trials are 
currently testing efficacy and safety of anti- C5 antibody 
(NCT04564339) and C5a receptor (C5aR) antagonists 
(NCT02151409) in patients with lupus nephritis.

Figure 2 Molecular signatures associated with glomerular expression of complement receptors C3AR1 and C5AR1 in human 
lupus nephritis. (A) Entities -log10 p values of signalling pathways separated for gene set enrichment associated with either 
glomerular C3AR1 or C5AR1 mRNA expression are shown. (B) Spearman’s correlation was performed to directly compare 
median- centred log2 mRNA expression levels of glomerular C3AR1 and C5AR1 expression. DAP12, DNAX- activating protein of 
12 kDa; GPVI, glycoprotein VI; IFN, interferon; IGF2BP, Insulin- like growth factor 2 mRNA- binding protein; MAL, MyD88 adaptor- 
like; MECP2, methyl CpG binding protein 2; MHC, major histocompatibility complex; MYD88, myeloid differentiation primary 
response 88; OAS, oligoadenylate synthetase; PD- 1, programmed cell death protein- 1; TCR, T- cell receptor; TIRAP, TIR domain- 
containing adaptor protein; ZAP- 70, zeta- chain- associated protein kinase- 70.
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In summary, this study provides additional insights 
into signalling pathways associated with intrarenal 
synthesis of complement components in lupus 
nephritis that might be also affected by targeted 
therapy of the complement system. Because this 
study included only a limited patient number with no 
detailed analysis regarding individual treatment regi-
mens or additional outcome parameters (particularly 
proteinuria), these results require confirmation but 
may contribute to a personalised treatment approach 
in distinct classes of human lupus nephritis.
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