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Abstract

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitides (AAV) are severe inflammatory disorders that
often involve focal necrotizing glomerulonephritis (FNGN) and consequent glomerular scarring, interstitial fibrosis,
and chronic kidney disease. Robust murine models of scarring in FNGN that may help to further our understanding
of deleterious processes are still lacking. Here, we present a murine model of severe FNGN based on combined
administration of antibodies against the glomerular basement membrane (GBM) and myeloperoxidase (MPO), and
bacterial lipopolysaccharides (LPS), that recapitulates acute injury and was adapted to investigate subsequent glo-
merular and interstitial scarring. Hematuria without involvement of other organs occurs consistently and rapidly, glo-
merular necrosis and crescent formation are evident at 12 days, and consequent glomerular and interstitial scarring
at 29 days after initial treatment. Using mass-spectrometric proteome analysis, we provide a detailed overview of
matrisomal and cellular changes in our model. We observed increased expression of the matrisome including colla-
gens, fibronectin, tenascin-C, in accordance with human AAV as deduced from analysis of gene expression micro-
arrays and tissue staining. Moreover, we observed tissue infiltration by neutrophils, macrophages, T cells and
myofibroblasts upon injury. Experimental inhibition of CXCR4 using AMD3100 led to a sustained histological pres-
ence of fibrin extravasate, reduced chemokine expression and leukocyte activation, but did not markedly affect
ECM composition. Altogether, we demonstrate an adapted FNGN model that enables the study of matrisomal
changes both in disease and upon intervention, as exemplified via CXCR4 inhibition.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
thors. Published by Elsevier B.V. This is an open access article
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Introduction renal pathology in human AAV both on morphologi-
Anti-neutrophil cytoplasmic antibody (ANCA) �
associated vasculitides (AAV) are severe inflamma-
tory disorders involving necrotizing inflammation of
small blood vessels, often leading to irreversible tis-
sue damage and organ failure [1]. While relatively
rare with reported prevalences of 300-421 per mil-
lion persons [2,3], AAV has considerable effects on
premature mortality, quality of life and socio-eco-
nomic cost [4�6].
AAV can manifest in any tissue but frequently

involves the kidneys as focal necrotizing glomerulo-
nephritis (FNGN), leading to irreversible renal failure
[7]. Although the pathogenesis is incompletely
understood, there is evidence to support the involve-
ment of pathogenic autoantibodies (targeting myelo-
peroxidase, MPO, and proteinase 3, PR3), which
can lead to the activation of neutrophils and their
adhesion to glomerular capillary walls, resulting in
focal necrosis, extravasation of plasma proteins (e.
g. fibrinogen), hemorrhage, and thrombosis [8]. Fur-
thermore, other leucocytes such as monocytes/mac-
rophages and T cells accumulate in the
periglomerular space, leading to destruction of the
Bowman’s capsule and subsequent proliferation of
epithelial cells [7].
Over the course of weeks, injured glomeruli

undergo remodeling, variably leading to the restitu-
tion of structure and function, or extensive and
sometimes progressive scarring and irreversible
sclerosis [7]. Common to all these processes is the
degradation and synthesis of components of the
extracellular matrix (ECM), a network of proteins
that provides biochemical and mechanical cues and
determines cellular fate [9]. Uncontrolled remodel-
ling - potentially driven by persistent or relapsing
inflammation - is considered a burden to long-term
organ function due to progressive organ scarring
and loss of functional tissue and regenerative
capacity [10]. Understanding these changes is
important for devising strategies to limit inflammation
and fibrosis, and for promoting functional restitution
of the kidney. Although a central role of autoimmu-
nity to MPO has been demonstrated in mouse mod-
els [11,12], active models have many disadvantages
such as the necessity to break immunological toler-
ance (involving administration of adjuvants), and the
resulting inconsistency in disease onset. Passive
models, in contrast, allow to examine the effects
of pathogenic ANCA directly; however, glomerular
and interstitial scarring - following acute glomeru-
lar injury in human disease � have not yet been
reported in such models.
Here, we present and characterize a robust modi-

fied passive murine model of anti-MPO-dependent
FNGN that progresses from acute injury with necro-
sis and crescents to glomerular and interstitial scar-
ring. We show that the phenotype is comparable to
cal and molecular levels. We characterize changes
in the matrisome that occur already in the acute
phase. Moreover, we demonstrate the suitability of
our model for pharmacological studies by applying
experimental inhibition of CXCR4 using AMD3100,
which reduced protein expression of leukocyte-acti-
vating chemokines. Taken together, this model may
be a considerable benefit to research aimed at ame-
liorating progression of renal injury in AAV.
Results
Injury in human AAV results in severe matrix
dysregulation

To investigate renal matrix gene expression in AAV
and controls (healthy and disease), we analyzed glo-
merular (G) and tubulointerstitial (T) gene profiling
microarray data provided by the European Renal
cDNA bank (GSE104948, GSE104954) [13]. Upon
analysis of defined cellular pathways annotated by the
gene ontology project, we identified distinct activation
of matrix-associated pathways between kidney tissue
from normal human healthy living donors (LD) and
AAV patients by unsupervised clustering (Figure 1A).
On the level of individual genes, we found that quanti-
tation of matrix-associated genes was sufficient to
obtain distinct grouping of tissues from control LD and
AAV patients using unsupervised clustering (Supple-
mentary Figure S1A). Moreover, samples from AAV
patients showed the highest degree of matrix-related
pathway dysregulation scores (PDS) compared to
other disease entities present in the dataset, such as
diabetic nephropathy (DN), focal segmental glomerulo-
sclerosis (FSGS), minimal change disease (MCD) and
non-neoplastic tissue from tumor nephrectomy speci-
mens (TN) (Figure 1B).

When filtering for matrisomal genes after differen-
tial gene expression analysis, we
found 234 glomerular and 240 tubulointerstitial
genes with significantly altered expression in AAV
compared to LD samples (genes in the glomerular
compartment: 146 up-regulated, 88 down-regulated;
tubulointerstitial compartment: 114 up-regulated,
126 down-regulated, Supplementary Tables S4,
S5). Detailed analysis revealed that several colla-
gens (COL1, 3, 5, 7, 11, 13, 16), fibronectin (FN),
tenascin-C (TNC), versican (VCAN), emilin2 and
several matrix remodeling molecules such as
MMP9, ADAMTS1, SerpinH1 and complement fac-
tors (C1QA-C) were significantly up-regulated in
AAV tissue (adjusted p < 0.05) (Figure 1C, Supple-
mentary Figure S1B). When comparing genes that
were differentially expressed between LD and AAV,
DN or FSGS, respectively, we found that AAV (vs.
LD) showed the highest number of uniquely



Fig. 1. AAV is associated with matrix dysregulation (A) Pathway analysis demonstrates distinct activation of ECM-
associated pathways in glomerular and tubulointerstitial compartments of AAV patients upon unsupervised clustering.
Data are expressed as pathway dysregulation scores (PDS) per sample. (B) AAV show high dysregulation scores of
matrix-associated pathways compared to other renal diseases (LD; living donors, MCD; minimal change disease, TN;
tumor nephrectomy specimen (non-neoplastic tissue), FSGS; focal segmental glomerulosclerosis). Data are expressed
as mean PDS per sample. (C) Comparison of selected matrisomal gene expression between AAV (FNGN) and living
donors (LD) in glomeruli (G) and tubulointerstitium (T). For specific p-values, see Supplementary Tables S4 and S5. (D)
Renal biopsy tissues from LD and AAV patients were stained for the indicated proteins by immunohistochemistry, repre-
sentative images of several cases (n = 10) are shown. Scale bar, 200 mm. Raw data was obtained from NCBI GEO
(GSE104948 and GSE104954) [13].
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An adapted passive model of anti-MPO dependent crescentic glomerulonephritis 15
differentially expressed genes comprising overall
and matrix-associated genes (Supplementary
Figure S1C-F, Supplementary Tables S4, S5).
We confirmed higher expression of FN, Col4, and

TNC by immunohistochemistry (IHC) in sections of
renal biopsies from patients with active FNGN and
LD (Figure 1D). S100A4 and aSMA expressed by
matrix-producing fibroblasts [14] were also more
abundant in the AAV condition (Figure 1D, Supple-
mentary Figure S1B). Thus, renal injury in AAV is
accompanied by substantial changes in expression
of matrisome genes [15] in both glomerular and
tubulointerstitial compartments. To be able to better
dissect and understand the functional implications of
changes in matrisome expression along AAV evolu-
tion we developed a murine model that shares fea-
tures with human AAV in clinical course and at
histomorphological level.

Amodified acute anti-MPO dependent murine
model of FNGN mimics acute injury in human
AAV

Current passive murine models of anti-MPO
dependent glomerulonephritis are designed to
investigate acute injury that is enhanced by co-
administration of anti-glomerular basement mem-
brane (GBM) serum or bacterial lipopolysaccharides
(LPS)[ 12,16], but progressive injury and scarring
have not yet been demonstrated. Here, we expand
on this information and establish a modified AAV
model by replacing the anti-MPO serum with
0.75 mg each of two monoclonal anti-MPO antibod-
ies (clones 6D1 and 6G4, see materials) for better
reproducibility and availability, administered on day
5. In order to prime glomeruli for MPO-dependent
injury, we administer a sub-proteinuric dose of anti-
GBM serum (100 ml, day 0), shown to be essential
for injury in a murine model caused by autoimmunity
to MPO [12]. (Figure 2A). Following this treatment
regimen, mice developed severe injury as demon-
strated by assessment of macrohematuria (Supple-
mentary Figure S2K), dipstick hematuria (3þ) and
proteinuria (> 2þ) (Figure 2E-F), and approximately
20% loss of initial body weight (Figure 2G). Animals
were culled on day 12, when kidneys showed pete-
chial bleeding on their surface (Supplementary
Figure S2L), and renal injury was confirmed by his-
tology in 70% of glomeruli, with 10% showing fresh
necrosis (Figure 2B-C) and 60% crescents
(Figure 2D). Transmission electron microscopy
(TEM) revealed further ultrastructural changes such
as changes in endothelial morphology, subendothe-
lial widening and subtle electron-dense deposits
(Supplementary Figure S2S-V). In contrast, robust
injury was not observed after single administration
of either LPS (0.5 mg/g) þ IgG2a/IgG2b isotype
mAbs or anti-GBM serum alone (50 ml or 100 ml).
Injury was also not induced by a combination of anti-
GBM serum anti-MPO mAbs (day 5, or days 5 and
6), anti-GBM þ IgG2a/IgG2b isotype mAbs with
LPS, or anti-MPO mAbs þ LPS (Supplementary
Figure S2A-J).

AFOG staining of renal tissue, highlighting fibrin in
red and ECM in blue, confirmed renal injury with
extravasation of fibrin in glomeruli, indicative of
endothelial damage (Figure 2B). This prompted us
to investigate injury of the glomerular endothelium
by determining the expression of markers of endo-
thelial activation and inflammation in our AAV model
mice (anti-GBM þ anti-MPO þ LPS) by real-time
quantitative PCR (qPCR) of bulk renal RNA extracts.
Accordingly, we observed significant induction of Vas-
cular Cell Adhesion Molecule 1 (Vcam-1), Intercellular
Adhesion Molecule 1 (Icam-1) and a trend towards
higher E-selectin mRNA transcripts, altogether sup-
porting endothelial cell damage in AAV model mice,
but not in IgG control mice (Figure 2H-J).

To confirm these results and provide a broader
context by gaining unbiased molecular information,
we performed mass spectrometry (MS)-based prote-
omic analysis comparing bulk renal tissues of AAV
model mice taken 12 days (12d) after disease induc-
tion with that of non-nephritic control mice injected
with isotype antibodies and PBS. We observed a
profound difference between conditions as demon-
strated by distinct separation of samples in principal
component analysis PCA (online data repository ref-
erence) and by a high number of significantly differ-
entially abundant proteins (3070 molecules,
Supplementary Figure S2M, Supplementary
Table S10). Amongst others, we confirmed up-regu-
lation of ICAM-1 and VCAM-1 at the protein level
(Figure 2K). Moreover, several protein signatures
comprising 79 genes indicating immune response
activation and other distinct inflammatory pathways
were up-regulated in AAV model mice compared to
control mice, providing a detailed characterization of
inflammation in our AAV model kidney tissue
(Figure 2K, Supplementary Figure S2N-R).

Next, we performed a detailed comparison of the
available human gene expression and our murine
proteomic datasets. Murine protein abundance showed
a highly significant (p< 2.2�16) moderate correlation to
the respective human glomerular (r = 0.41) and tubu-
lointerstitial (r = 0.42) transcript abundance (Spear-
man’s rank correlation test). On the level of individual
genes, we found that 1091 (35.54%) of proteins with
significant differential abundance (adj. p < 0.05) in our
proteomic analysis had human homologues with con-
cordant differential transcript expression in AAV
patients, representing 13.6% and 12.4% of all human
glomerular or tubulointerstitial genes, respectively, with
significant differential expression in AAV patients (Sup-
plementary Tables S7-S9). Moreover, 316 (10.29%,
glomerular) or 575 (18.73%, tubulointerstitial) of pro-
teins with significant differential abundance in our prote-
omic analysis had human homologues with concordant



Fig. 2. Histopathological and clinical characterization of acute injury in an adapted murine AAV model (A) Schematic
representation of the treatment protocol leading to acute AAV injury examined at day 12d. Controls: female C57Bl6J mice
were injected with PBS by (i.v., tail vein) on day 0 and received 0.75 mg of each IgG2a and IgG2b isotype control antibod-
ies (i.p.) followed by PBS injection (i.p.) one hour later at day 5, N = 4. AAV model mice: female C57Bl6J mice received
100 ml anti-GBM serum (i.v.) on day 0, followed by injection of two monoclonal anti-MPO antibodies (i.p.) and LPS (0.5
mg/g, i.p.) one hour later on day 5, N = 8. (B) Representative images (N = 4 for control, N = 8 for AAV) of AFOG-stained tis-
sue, scale bar 50 mm. (C, D) Quantitation of glomeruli with necrosis (C) or crescents (D) in percent of all glomeruli. (E, F)
Dipstick urine measurement of hematuria (E) and proteinuria (F). (G) Body weight measurements. (H-J) qPCR analysis
showing relative gene expression of endothelial cell markers differentially regulated during inflammation: Icam-1 (H),
Vcam-1 (I) and E-selectin (J). Mean þ/- SEM, each mouse represents a data point. N = 4, control, N = 8, AAV. T-tests or
Mann-Whitney U-test, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. (K) Proteomic analysis reveals pro-
teins enriched in pathway analysis under the Gene Ontology term “Immune response activation” (enrichment p = 4.75-04.
Data are presented as centered and scaled abundance values, n = 5 mice per group.
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An adapted passive model of anti-MPO dependent crescentic glomerulonephritis 17
differential transcript expression that was unique in
AAV patients (compared to DN or FSGS), representing
14.88% (glomerular) or 10.08% (tubulointerstitial) of
genes with significant differential transcript expression
unique for AAV patients.
Taken together, these results show that our

adapted protocol employing anti-GBM, two mono-
clonal anti-MPO antibodies and LPS together is suf-
ficient to induce severe FNGN with crescent
formation in mice, resembling human AAV, whereas
injury was not observed or only minor in mice that
did not receive all three components.

The acute phase of anti-MPO antibody-induced
FNGN presents with inflammatory conditions
and increased immune cell infiltrate

As indicated by the proteomics analysis, we further
investigated the activation of the immune response
and characterized the leukocyte infiltrate by immunos-
taining of tissue sections and qPCR analysis of inflam-
matory cytokines in kidney tissue from AAV model
mice 12d after disease induction. By IIF and IHC, we
found an increase of CD45þ leukocytes within both
the glomeruli and tubulointerstitium of kidneys from our
AAV model, in contrast to control conditions
(Figure 3A-B, Supplementary Figure S3A). Using
specific antibodies, we found an increase of neutrophils
(MPO, NE), macrophages (CD68þ), T-cells (CD3þ)
and regulatory T-cells (FoxP3þ) in glomeruli and tubu-
lointerstitium of AAV model kidneys (Figure 3C-E,
Supplementary Figure S3B-G).
By qPCR and tissue staining with specific antibod-

ies, we observed increased expression of CXCR4
mRNA and protein, whose involvement in renal dis-
ease has been previously implied [17,18]. Interest-
ingly, we found CXCR4 highly expressed in cells
forming the crescents in the Bowman’s capsule,
reminiscent of CXCR4 expression in podocytes as
described [17] (Figure 3F-G). Using qPCR, we
determined that expression of CXCL12 (a CXCR4
ligand), CXCL1 and CXCL2 (chemoattractants for
several immune subtypes, including neutrophils
[19]) was elevated in AAV compared to control con-
ditions (Figure 3H-J). In addition, we found
increased mRNA expression of pro-inflammatory
cytokines TNF, IL1b and IL6 in renal tissue of AAV
model mice (Figure 3K-M). These data are consis-
tent with the MS-based proteomics findings, which
indicated positive regulation of cytokine production
(Supplementary Figure S2N) associated with pro-
duction of TNF (Supplementary Figure S2O) and
an induction of responses to IL1 (Supplementary
Figure S2P) and IL6 (Supplementary Figure S2Q).
We correlated these findings from our murine model

to human disease by interrogating available gene
expression microarray datasets (ERCB; GSE104948
and GSE104954), which showed higher expression of
CXCL1, CXCL2, TNFa, IL1b, IL6 and CXCR4 in renal
tissues from AAV patients than in those of living donors
(LD) (Supplementary Table S6). Thus, our murine
acute AAV model phenocopies important immunologi-
cal features of human AAV.

Extracellular matrix molecules are up-regulated
in the acute phase of anti-MPO antibody-induced
FNGN

Deposition of extracellular matrix molecules such
as collagens is a known consequence of renal injury
in AAV that leads to glomerular and interstitial scar-
ring [1], as confirmed by the differential gene expres-
sion analysis using data provided by the European
Renal cDNA bank (GSE104948, GSE104954) [13].
The unbiased MS-based proteomic analysis of renal
tissue from the acute phase of our anti-MPO-depen-
dent FNGN model revealed significant differential
abundance of 40 matrisome proteins, including
structural molecules such as several collagens
(Col1a1, Col3a1, Col1a2, Col18a1), Emilin1, FN,
Fibulin-1, Fibulin-5, Periostin, Vitronectin, Lumican,
TNC, and ECM regulatory molecules such as ser-
pins, further defining changes in the matrisome of
AAV model mice (Figure 4A).

Using qPCR, IIF and IHC on renal tissue sections
from AAV model mice, we confirmed that both
mRNA and protein expression of collagens Col1a1
and Col3a1, Fn and Tnc was higher in the FNGN
model than in control tissue, indicating transcrip-
tional regulation of these molecules (Figure 4B-I).
Fibroblastic cells are known to produce matrix in kid-
ney disease, involving TGFb signaling [1]. MS-
based proteomic analysis reflected a TGFb
response signature of 22 genes up-regulated in
FNGN compared to control kidney tissue (Supple-
mentary Figure S2R). By tissue staining and
qPCR, we confirmed higher aSMA and Tgfb expres-
sion in FNGN than control tissue, suggesting
increased abundance of pro-fibrotic fibroblasts
(Figure 4J-L).

Importantly, analysis of the available ERCB data-
sets (GSE104948, 104954) showed concordant
upregulation of FN, Col1A1, Col3A1, TGFb and TNC
in AAV patient samples compared to living donors
(Supplementary Table S4 and S5). Overall, these
data show that in the acute phase of our murine anti-
MPO antibody model of FNGN, matrisomal changes
occur, including expression and deposition of extra-
cellular matrix proteins, which recapitulates the find-
ings in patients with FNGN in the context of AAV.

Development of an adopted murine anti-MPO
dependent late-stage FNGN model that emulates
features of chronic human renal AAV

Chronic injury in AAV is characterized by onset of
new lesions in the context of manifest scarring injury.
Despite a number of previously established models



Fig. 3. Characterization of immune cell infiltrates in kidney tissue of acute FNGN model (A, C, D, F) Renal tissue from
control (N = 4) and FNGN (N = 8) mice was stained with the indicated antibodies by indirect immune-fluorescence, DAPI
was used as nuclear marker (representative images shown, scale bar, 50 mm). Glomeruli are encircled. (B, E) Quantita-
tion of leukocytes (cells per mm2) on tissue sections labelled by IHC with antibodies to CD45 (B) or CD68 (E). (G-M)
qPCR analysis showing relative gene expression levels of Cxcr4 and Cxcl12 (G, H), neutrophil-related chemokines (I, J)
and inflammatory cytokines (K-M). N = 4 control, 8 FNGN points represent individual mice. Horizontal lines and bars cor-
respond to mean þ/- SEM; normality test was performed and the results were analyzed using T-tests if the normality test
was fulfilled, otherwise by Mann-Whitney U-test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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of AAV, it remains challenging to model the pheno-
type of chronic injury [20]. We evaluated the feasibil-
ity of our protocol to emulate chronic scarring renal
disease by observing mice for increasing time peri-
ods (after 12, 19, 24 and 29d) upon induction of
injury with anti-GBM/anti-MPO/LPS (as described
for the acute model) (Figure 2A, 5A). Dipstick
measurements showed that severe hematuria
was sustained at high levels (3þ) for approxi-
mately 10 days before a slight decrease, and
continued to be strong (2þ) until the end of
observation at day 29 (Figure 5F). Moreover, pro-
teinuria remained at high levels (3þ) until day 29
(Figure 5G). Finally, mice did not recover body



Fig. 4. Characterization of extracellular matrix deposition and fibroblast markers in the acute AAV model by MS, IHC,
IIF and qPCR. (A) Heatmap showing significant differential abundance of proteins enriched for Gene Ontology annotation
“extracellular structure organization” (p = 8.59�07) between AAV model mice culled on day 12 and control mice without
injury (adjusted p<0.05, N = 5 mice per group, data are presented as centered and scaled abundance values). (B-E, K-L)
qPCR analysis of the indicated molecules, points represent individual mice, mean þ/- SEM. Normality test was used and
the results were analyzed using T-tests if the normality test was fulfilled otherwise by Mann-Whitney U-test, * p < 0.05, **
p < 0.01. (F-J) Representative images of renal tissues from control (N = 4) and AAV (N = 8) mice investigated by IIF (F-I)
and IHC (J) with the indicated antibodies; scale bar = 50 mm. Glomeruli are encircled.

An adapted passive model of anti-MPO dependent crescentic glomerulonephritis 19



Fig. 5. Histopathological and clinical characterization of late-stage injury in the modified murine AAV model (A) Sche-
matic representation of the treatment protocol with collection of murine kidneys at day 19, 24 and 29. Control mice
received injection of PBS by tail vein (i.v.) at day 0, followed by 0.75 mg each of murine IgG2a and IgG2b isotype antibod-
ies (i.p.) at day 5, and PBS (i.p.) one hour later (N = 4). For model AAV, mice were injected with anti-GBM serum (i.v.) on
day 0, followed by 2 monoclonal anti-MPO antibodies (i.p) on day 5, and 5 mg/g LPS (i.p.) one hour later. Kidneys were
collected on days 12 (N = 8), 19 (N = 4), 24 (N = 5) and 29 (N = 6). (B) Representative images from AFOG stained kidney
sections of control and AAV model mice after 29d. Black circles highlight the glomeruli. Higher magnification on the far
right illustrating extensive scarring of glomeruli (blue). (C-E) Quantitation of glomerular injury with necrosis (C), crescents
(D) and scarring (E) in percent of all glomeruli. (F, G) Dipstick urine measurement of hematuria (F) and proteinuria (G)
and body weight measurement (H) of 29d control and AAV model mice. (I-K) qPCR analysis of inflammatory endothelial
cell markers as indicated. Mean þ/- SEM, one dot per mouse. Normality test was performed and the results were ana-
lyzed using T-test if the normality test was fulfilled, otherwise by Mann-Whitney U-test, * p < 0.05, ** p < 0.01, *** p <

0.001, **** p < 0.0001, ***** p < 0.00001.
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weight loss within 29d of observation (Figure 5H).
By AFOG staining, we determined the relative
abundance of healthy and diseased glomeruli (i.e.
presenting necrosis, crescents and scarring) fol-
lowing disease induction (Figure 5B-E, Supple-
mentary Figure S4A).
Necrotizing injury without scarring peaked at 12d

(with over 60% of glomeruli affected) followed by a
decline at the other time points to less than 10% of
affected glomeruli. In contrast, the number of glo-
meruli with scarring increased at 19, 24 and 29d and
was highest at 29d (70%). Sirius red stain revealed
substantial glomerular and tubulointerstitial scarring,
attaining highest levels at 29d post injury (Supple-
mentary Figure S4C). Accordingly, the 29d time
point was chosen for further detailed analysis.
Importantly, at this time point few glomeruli exhibited
only necrosis (5%) or crescents without scarring
(10%), indicating that new lesions were still gener-
ated around 29d after disease induction. Using
TEM, we found electron dense deposits in the
mesangium, subendothelial and subepithelial space
(Supplementary Figure S2W-Z). Via qPCR, we
identified increased expression of Vcam-1, Icam-1
and E-selectin, demonstrating the persistence of
endothelial activation (Figure 5I-K).
Tubular injury, atrophy and tubulointerstitial fibro-

sis are common in biopsies of patients with AAV.
Similarly, in our murine model we observed exten-
sive tubular injury, atrophy, incipient fibrosis, and
plenty of tubular casts as a sign of reduced diuresis
in the medullary tubulointerstitial compartment (Sup-
plementary Figure S4D-E).
Taken together, our murine anti-MPO model of

FNGN shows progression of acute injury into
extensive renal scarring, with fresh lesions
occurring even at a later time point. Thus, this
model recapitulates several important clinico-
pathological features of chronic injury observed
after FNGN in AAV patients.
Leukocyte infiltrate is sustained in the murine
late-stage AAV model

At 29d post disease induction, we observed high
numbers of infiltrating CD45þ leukocytes, similar to
the early time point (Figure 6A-B, Supplementary
Figure S5A). Moreover, we found similarly high
numbers of infiltrating CD68þ macrophages, but 4-
times more CD3þ T cells and 2-times more FoxP3þ
Treg at 29d than at 12d, further supporting evolution
of injury (Figure 6C-F, Supplementary Figure
S5B-E). Via qPCR, we determined IL6 and TNFa to
be 2-times higher at 29d than at 12d, while CXCL1,
CXCL2, IL1b and CXCR4 (the latter also demon-
strating expression via IF in both glomeruli and inter-
stitium) remained at similar levels at 29d and 12d
(Figure 6G-M). In contrast to 12d, Cxcl12 levels
were only slightly elevated at 29d (p = 0.11) (Sup-
plementary Figure S5F).

Overall, we conclude that scarring injury in our
AAV model comprises a sustained, complex infiltra-
tion of leukocytes in renal tissue � an important fea-
ture of the chronic disease in human AAV patients.

Extracellular matrix molecules are up-regulated
in the late-stage murine anti-MPO antibody
model of FNGN

One of the hallmarks of chronic renal disease in
general is the accumulation of matrix, culminating in
renal fibrosis [21]. We determined an accumulation
of collagens in the kidney at 29d using sirius red
staining and quantitative analysis of stained renal
cortex area (Figure 7A-B). Concordantly, we found
significantly increased protein and mRNA expres-
sion of Col1 (COL1A1), Col3 (COL3A1), FN and
TNC in kidneys of late-stage anti-MPO model mice
at 29d (Figure 7C-H). Of note, Tnc mRNA expres-
sion was 2-times higher at 29d than at 12d post
injury, and co-expressed with collagens in tissue
sections (Figure 4H, 7J), suggesting a particular
role of TNC in scarring.

We found a 20-fold increase of Vim mRNA
expression in renal tissue of AAV model mice com-
pared to control mice (p = 0.06), suggesting a higher
abundance of fibroblasts, potentially greater at 29d
than at 12d (Figure 7L). We found a non-significant
increase in Tgfb expression compared to control
mice (p = 0.059) at similar levels as at 12d, sug-
gesting a potential continuous role of TGFb sig-
nalling during disease progression. In contrast to
the acute stage, at 29d acta2 mRNA was similar
between control and injured mice (Supplemen-
tary Figure S6A-B).

CXCR4 inhibition reduces the activation of
immune cells in the murine AAV model

It was previously shown that CXCR4 plays a cen-
tral role in a monogenic murine model of crescentic
glomerulonephritis caused by VHL gene deficiency
in intrinsic glomerular cells [17]. Our results con-
firmed elevated CXCR4 expression at early and late
time points after injury in our modified murine AAV
model and we therefore exploited the potential mod-
ulatory role of CXCR4 by treating our mice with an
FDA-approved inhibitor of CXCR4 [22] (AMD3100,
abbreviated AMD) over the course of our acute AAV
model protocol (12d) (Figure 8A). AMD treatment
did not affect dipstick hematuria, proteinuria or body
weight loss (Supplementary Figure S7A-C) or the
overall abundance of injured glomeruli (necrosis,
crescents) (Supplementary Figure S7D-F). How-
ever, in AFOG staining (highlighting fibrin in red and
ECM in blue), we found that glomeruli exhibiting
both crescents and fibrinoid necrosis together were



Fig. 6. Characterization of the immune cell infiltrate in the late-stage AAV model (A, C, E, G) Representative immuno-
fluorescence images from renal tissues of control (N = 4) and AAV (N = 6) mice with the indicated antibodies, scale bar,
50 mm. Glomeruli are encircled. (B, D, F) Quantitation of immune cells characterized by IHC with antibodies indicated,
expressed as cells per mm2. (H-M) qPCR results for the indicated molecules using bulk RNA from renal tissue of AAV
model mice (N = 6) and controls (N = 4). Mean þ/- SEM with individual mice as data points. Normality test was performed
and the results were analyzed using T-tests if the normality test was fulfilled otherwise Mann-Whitney U-test was used, *
p < 0.05, ** p < 0.01, ****** p < 0.0001.
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Fig. 7. Characterization of extracellular matrix deposition and fibroblast markers in the late-stage AAV model (A) Stain-
ing and (B) quantitation of collagen fibers on renal tissue sections from control (N = 4) and AAV (N = 6) mice with Sirius
red, expressed as % of total area. (C, E, G, I, K) Representative images (control (N = 4) and AAV (N = 6) mice) from IIF
stained renal tissue with the indicated antibodies, scale bar, 50 mm. Glomeruli are encircled. (B, D, F, H, J, L) qPCR
results for the indicated genes in control (N = 4) and AAV (N = 6) mice, mean þ/- SEM with individual mice as data points.
Normality test was performed and the results were analyzed using T-tests if the normality test was fulfilled, otherwise
Mann-Whitney U-test was used. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 8. Impact of CXCR4 inhibition on acute kidney injury in the 12d AAV model (A) Schematic representation of the
injection protocol. AAV model mice were treated with AMD 3100 from day 0 onwards. Mice received anti-GBM serum
(i.v.) on day 0, two monoclonal anti-MPO antibodies (0.75 mg each, i.p.) on day 5 followed by LPS (5 mg/g) one hour
later. AMD was administered daily (0.2 mg) (N = 9), vehicle control was PBS (N = 8). Kidney tissue was collected at
day 12 after treatment. (B) Representative images of AFOG stain. (C) Quantitation of injured glomeruli presenting with
crescents and residual fibrinoid necrosis as percent of total glomeruli. (D) Proteomic analysis reveals differentially abun-
dant proteins in control (N = 5) and AMD mice (N = 6), displayed as volcano plot. Red dots represent genes with signifi-
cant differential abundance (p < 0.05) (E). Heatmap showing differentially abundant proteins with Gene Ontology
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more frequent, suggesting that AMD may either pro-
long the presence of fibrin extravasates or results in
prolonged endothelial injury resulting in fibrin extrav-
asation (Figure 8B-C).
To clarify this, we used MS-based proteomics and

determined 357 proteins in kidneys of AAV model
mice treated with AMD with significant (p<0.05) dif-
ferential abundance compared to AAV model mice
treated with control PBS injections (Figure 8D, Sup-
plementary Table S11). Notably, AMD-treated mice
showed reduced abundance of proteins involved in
leukocyte activation (Figure 8E). Via qPCR, we
could confirm a significant reduction of Il6 mRNA
transcripts, but not of Il1b (p = 0.11), CXCL1 or
CXCL2, after AMD treatment (Figure 8I-J, Supple-
mentary Figure S7G-H). We found no difference in
the abundance of leukocytes (CD45þ), macro-
phages (CD68þ, CD206þ), T cells (CD3þ), regula-
tory T cells (Foxp3þ) or neutrophils (MPOþ) in the
cellular infiltrate after AMD treatment (Figure 8F-H,
Supplementary Figure 7I), suggesting that activa-
tion, but not abundance, of immune cells was
affected by AMD. We identified no unequivocal
effect of AMD on abundance of matrisome proteins,
and found individual proteins with higher (Col1a2,
Col6a1) or lower (Col3a1) abundance after AMD
treatment (Supplementary Figure S7L).
Taken together, these results suggest that

immune cell activation and injury in our anti-MPO
antibody model of AAV are sensitive to inhibition of
CXCR4, which may prove a viable target for modify-
ing renal injury. Moreover, it exemplifies that our
model is suitable for pre-clinical studies of pharma-
cological intervention at early and late stages of
renal injury AAV.
Discussion

To date, several animal models of AAV to study
the pathogenesis of the disease have been devel-
oped and investigated, in particular loss of tolerance
to self-antigens and the roles of specific components
of the immune system [20]. Such models revealed a
role of complement factors in glomerular injury of
AAV and instigated a phase 3 clinical trial using a
selective C5aR inhibitor (NCT02994927) [23]. How-
ever, we are still lacking a robust murine model that
emulates the progression of acute necrotizing glo-
merular injury to glomerular and tubulointerstitial
scarring, which involves extensive deposition of
extracellular matrix [24]. In particular, a model of
chronic or relapsing AAV, which is a major
annotation for immune response activation (enrichment p =
dance values. Quantitation of (F) CD45þ cells (G) CD68þ ce
cells per mm2. (I, J) Gene expression results (qPCR) for the
conditions (N = 9), mean þ/- SEM with individual mice as d
were analyzed using T-tests if the normality test was fulfilled o
determinant of end stage renal disease in
humans [1], could be valuable in evaluating novel
targeting strategies [25].

In this study, we established and characterized a
modified murine AAV model that demonstrates robust
anti-MPO antibody-dependent, immune-mediated
injury in form of fibrinoid necrosis and glomerular cres-
cents after 12d, and extensive scarring of glomeruli
and tubulointerstitium after 29d with persistent genera-
tion of acute lesions. In addition, our model reflects per-
tinent clinical features of AAV, notably severe
hematuria, proteinuria and weight loss (Figure 9).

To achieve this, we applied consecutive injections
of sheep serum raised against glomerular basement
membrane (GBM) epitopes, followed by injection of
two monoclonal murine antibodies against MPO in
combination with LPS. The rationale behind this pro-
tocol is that anti-GBM serum recruits leukocytes
(especially neutrophils) to the glomerulus, where a
deposition of MPO occurs [26], murine monoclonal
anti-MPO antibodies then target persistent inflam-
mation to the glomerular basement membrane. LPS
is a common trigger of immunological responses, for
instance to bacterial infections, which are often
observed prior to onset of AAV in humans [27]. In
our model, injury is dependent on the combined
application of all three components, since each com-
ponent alone or in a pairwise combination failed to
induce robust injury.

Our approach has several practical advantages
over other models of AAV. Passive immunization is
faster than active and does not require the use of adju-
vants such as Complete Freund's Adjuvant (CFA),
which may cause severe pain and distress to the ani-
mal. Moreover, the immunological response of animals
to active immunization is highly variable between
experiments or laboratory environments, whereas pas-
sive administration has a reproducible time of onset.
Lastly, the generation of murine anti-MPO serum,
employed previously, requires active immunization of
MPO deficient (-/-) mice. Therefore, using monoclonal
murine antibodies greatly increases availability and
batch-to-batch reproducibility of reagents and reduces
the number of experimental mice.

The modifications we applied to published passive
transfer models of AAV resulted in increased sever-
ity and a phenotype that exhibits substantial glomer-
ular scarring (in up to 70% of glomeruli), previously
not reported in models of AAV. Huugen et al. (2005)
have shown that combined injection of a polyclonal
anti-MPO antibody (100 mg/g) together with LPS
(0.5 mg/g) induced injury with crescents in 20% of
glomeruli after 6 days [16]. In comparison, the
0.07). Data are presented as centered and scaled abun-
lls and FoxP3þ cells (H) upon IHC staining expressed as
indicated molecules in control (N = 9) and AMD treated
ata points. Normality test was performed and the results
therwise Mann-Whitney U-test was used, ** p < 0.01.



Fig. 9. Summary of a modified acute and late-stage AAV model In the acute AAV model (12d) we observed necrosis
and crescent formation with neutrophils and macrophages infiltrating the glomeruli and tubulointerstitium. Matrix mole-
cules were highly expressed. In the late-stage AAV model (29d), glomerular scarring was observed in addition to necrosis
and crescents. Macrophages and lymphocytes infiltrated the kidney tissue in high numbers and deposition of matrix mole-
cules increased. Targeting AAV model mice with the CXCR4 inhibitor (AMD3100, daily administration starting at day 0)
increased the percentage of crescents with residual fibrinoid necrosis. AMD3100 did not affect quantity of immune cell
infiltrate; however, unbiased proteomic analysis suggested reduced leukocyte activation.
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frequency of crescentic injury in our model was 3-
times greater. Importantly, by unbiased MS-based
proteomics, we report extensive changes in matri-
some expression (including but not limited to colla-
gens, FN and TNC) that occur already in acute
injury.
As a characteristic feature of AAV, we observed

massive leukocyte infiltration comprising neutro-
phils, macrophages, T-cells (including Tregs), with
higher abundance of macrophages and T-cells at
later compared to earlier time points. Moreover,
using both unbiased mass spectrometry (MS)-based
proteomics, immunofluorescence and qPCR, we
demonstrated and confirmed induction of pro-inflam-
matory cytokines.
Using TEM, we found further evidence of glomeru-

lar injury in renal cortex tissue from representative
mice, which demonstrates at day 12 glomerular
endothelial activation and confirmed segmental
necrosis with fibrin extravasation and crescent
formation, however only occasional segmental sub-
endothelial widening with deposition of mainly elec-
tron-lucent material. In addition, at day 29, we
observed segmental sclerosis with small segmental
mesangial and occasional subepithelial and suben-
dothelial deposits. These changes affected a propor-
tion of the glomeruli only, similar to those seen in
approximately 18% of patients with FNGN in AAV
and that are associated with proteinuria and worse
prognosis [28].

In order to compare molecular features of human
and murine disease, we interrogated available gene
expression datasets (European Renal cDNA bank,
GEO accession GSE104948 and GSE104954) [13]
and determined substantial deregulation of ECM-
associated pathways and overexpression of matri-
some components in glomeruli and tubulointersti-
tium from AAV patients compared to both healthy
living donor, but also other renal diseases. Impor-
tantly, we found concordance between human AAV
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and our mouse model regarding both ECM mole-
cules (collagens 1 and 3, FN and TNC) and inflam-
matory cytokines such as CXCL1, CXCL2, CXCL12,
IL1b and IL6, which are relevant in human AAV [29].
TNC can act as a danger associated molecular

pattern (DAMP) [30] and was highly induced both in
human AAV patients as well as in our AAV model.
Previously, TNC was found to be significantly
increased in serum of AAV patients (145 ng/ml) in
comparison to healthy subjects (48 mg/ml), suggest-
ing that TNC could qualify as a biomarker of AAV
[31]. Together with respective human studies, our
model has the potential to further biomarker
research for human disease, for instance relating to
disease activity or estimating the latest timepoints
up to which anti-inflammatory or anti-fibrotic therapy
are likely to have a beneficial effect.
Our observation of substantial matrisomal altera-

tions in the absence of fibrosis at the acute phase
(12 days post treatment) is important, novel and not
expected. Thus, our results suggest that dynamics
in the matrisome precede fibrosis, the latter becom-
ing prominent in the late stage of the model at
29 days after injury.
We found moderate correlation of our proteomic

analysis with human glomerular and tubulointerstitial
gene profiling datasets. Detailed comparison dem-
onstrated that a substantial proportion (35.54%) of
murine proteins differentially expressed in our model
correspond to differentially expressed transcripts in
human AAV, approximately one third of which were
uniquely dysregulated in AAV. Although we consider
this a substantial overlap, two plausible reasons for
obtaining less than identical concordance are the
non-linear relation of transcripts and protein, and dif-
ferences between human and murine organisms.
The latter are especially important to consider in
evaluating limitations in resemblance to human dis-
ease. In summary, our murine model recapitulates
several important features of human AAV at the clini-
cal, morphological, cellular and molecular level.
AAV is a systemic autoimmune disease that often

can affect other highly vascularized organs such as
the lung or skin, peripheral nervous system or the
heart. Upon histopathological analysis, we observed
no histomorphological changes consistent with vas-
culitis such as vascular necrosis, thrombosis, inflam-
mation or haemorrhage or scarring in any other
mouse organs investigated (lung, heart, liver, intes-
tine, skin). Mice that received anti-GBM serum, anti-
MPO antibodies and LPS showed increased splenic
germinal centers at 12d and 29d (data not shown),
likely reflecting the systemic immune response pro-
voked by administration of LPS and foreign protein.
Both experimental and control mice receiving only
PBS and isotype IgG showed inconsistently very
discrete foci of inflammatory infiltrates in lung and
liver. Although organ-specific endothelial effects of
LPS have been previously demonstrated [32,33]
and may provide a rationale for isolated renal injury
in our model, further experimental evidence is nec-
essary to clarify this observation. Chronic kidney dis-
ease is an important risk factor for cardiovascular
events and death in humans [34]. Therefore, future
studies may use our model to address whether
severe chronic renal injury in our model is capable
of inducing damage and fibrosis in other organs
over a longer time course.

CXCR4 is expressed by many cells including
bone marrow-derived stem cells, leukocytes includ-
ing neutrophils, macrophages and T cells and has
multiple cell- and context-dependent effects [35].
Previously, ectopic overexpression of CXCR4 in
podocytes due to loss of the VHL gene in intrinsic
glomerular cells was shown to induce crescentic glo-
merulonephritis, which was attenuated by CXCR4
inhibition [17]. CXCR4 expression was also demon-
strated in podocytes in renal specimens from
patients with hypertensive nephropathy [36]. In
another report, increased podocyte CXCR4 expres-
sion and oxidative stress was observed in murine
adriamycin-induced nephropathy, where AMD3100
attenuated oxidative stress, podocyte injury and
fibrosis [37]. We report elevated expression of
CXCR4 mRNA and increased protein expression in
and around glomeruli of AAV model mice, in addition
to increased mRNA of the respective ligand
CXCL12. Inhibition of CXCR4 with the FDA
approved inhibitor AMD3100 increased the fre-
quency of glomeruli exhibiting both crescents and
fibrin extravasate together, which may suggest pro-
longed presence or reduced clearance of fibrin
deposits in injured glomeruli. Based on unbiased
MS-based proteomic and specific mRNA expression
and immunolabeling analyses, we determined that
CXCR4 inhibition attenuated leukocyte activation
but not renal tissue infiltration. Presently, we cannot
conclude if this effect of AMD3100 is systemic
immunomodulation or local attenuation of renal
inflammation. Future work may address the underly-
ing mechanisms and more fully characterize the
effect on disease phenotype and long-term scarring.
Altogether, these studies encourage further investi-
gation of CXCR4 as a potential target, for which we
also provide evidence in our AAV model.

Besides CXCR4 inhibition, our model can help
to investigate other novel candidates for thera-
peutic approach. For example, IL6 and TNF
response signatures were up-regulated in our
AAV model, therefore, upstream regulators such
TLR4 that have been implicated in AAV [38] may
present pharmacological targeting opportunities to
be investigated in more detail in future studies. In
two controlled trials, TNF inhibition had no advan-
tage over conventional therapy; however, several
case studies report positive response of patients
that were refractory to conventional treatment
[39]. More pre-clinical and clinical studies are
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needed to fully evaluate the potential benefit of
such alternative treatment approaches.
In summary, we have generated a robust, anti-

MPO dependent murine model that exhibits clinical
and histopathological changes consistent with those
seen in human AAV. We observe acute injury and
progression to scarring, comprising a highly inflam-
matory renal environment with substantial changes
in matrisome expression. Our MS-based proteomic
analysis provides a resource to aid in screening for
potential drug targets that could improve currently
approved treatments (Figure 9).
Material and methods
Study approval

Mostly female C57Bl6J littermates (8 -10 weeks of
age) were maintained in a specific pathogen-free
animal facility and controlled for good health and
welfare (including posture and activity) daily. Han-
dling of mice and experimental procedures were per-
formed according to the French law for the
protection of laboratory animals. Procedures were
approved by the regional ethical committee for ani-
mal experimentation (CREMEAS) of the Strasbourg
University, under the authorization number 17638-
2017080312395908.

Acute and late-stage AAV mouse model protocol
and AMD3100 treatment

Experimental groups consisted of at least 4 mice
per time point and condition. The experiments of the
AAV group were repeated at least twice indepen-
dently. To induce AAV, female C57Bl6J mice (bred
in house) were administered 100 ml sheep anti-rat
glomerular basement membrane (aGBM) serum
(Probetex, PTX-001S) via tail vein (i.v.) at day 0.
Cross-reactivity with murine GBM epitopes was con-
firmed by indirect immunofluorescence using anti-
GBM serum as primary antibody and detection using
anti-sheep IgG, followed by streptavidin-Alexa488
conjugate (data not shown). At day 5, mice were
administered 0.75 mg of murine monoclonal anti-
MPO (aMPO) antibody clones 6D1 (Euromedex,
BX-6D1-50MG and BX-6G4-50MG) and 100 ml LPS
(Sigma, L6636-25MG) (0.5 mg/g) one hour later.
Mouse monoclonal antibodies 6D1 (IgG2b) and 6G4
(IgG2c) directed against murine myeloperoxidase
(MPO) were generated as described for anti-MPO
antibody clone 8F4 [40]. Bulk (50 mg each) produc-
tion of 6D1 and 6G4 was performed by BioXcell with
permission of P. Heeringa. As controls, aGBM,
aMPO and LPS were injected alone or in different
pairwise combinations (aGBM/aMPO, aGBM/LPS,
aMPO/LPS). As control for aGBM, mice were 100 ml
PBS i.v. administered on day 0. As control for
aMPO, mice were i.p. administered 0.75 mg each of
isotype IgG2a and IgG2b (Euromedex, BE0086-
50MG and BE0085-50MG), at day 5. As control for
LPS, mice received 100 ml PBS i.p. one hour after
aMPO or isotype control injections. Mice were sacri-
ficed at days 12, 19, 24 and 29 under deep anesthe-
sia (Ketamine/Xylazine i.p.) by transcardiac
perfusion-fixation with 20 ml of PBS followed by
20 ml of 4% PFA. Renal tissue was snap frozen in
liquid nitrogen and stored at -80°C for subsequent
qPCR analysis, frozen in OCT for immunofluores-
cence analysis, and fixed overnight in 4% PFA for
FFPE processing and immunohistochemistry. Mice
in the AAV protocol (anti-GBM/anti-MPO/LPS)
received daily injections of AMD3100 (Sigma,
A5602) at 10 mg/kg daily or PBS in the control group
for 12d starting at day 0.

Hematuria, proteinuria and body weight
measurement

From day 0 to day 12 urine samples were col-
lected to determine hematuria and proteinuria using
Multistix 8 SG reagent strips (Siemens, 2164)
according to manufacturer’s instructions. Mice were
manually restrained by gently clasping the scruff of
the neck and the tail. To provoke miction, the lower
abdomen was gently stimulated with a finger.
According to the manufacturer, dipstick scores are
quantitated as follows: hematuria; 0 = <10 Ery/mL,
0-1 = 25 Ery/mL, 1 = 80 Ery/mL, 1.5 > 200 Ery/mL.
Proteinuria; 1 = 30 mg/dl, 2 = 100 mg/dl,
3 = 300 mg/dl, 4 = 2000 mg/dL.

RNA extraction, reverse transcription and
quantitative PCR (qPCR)

Frozen kidneys were processed in a tissue
homogenizer (OMNI International Tissue MASTER
125) with 1 ml TRIZOL (Invitrogen, 12044977) for
total RNA extraction according to manufacturers’
instructions. Total RNA quantity and the purity was
determined using a spectrometer (Nanodrop1000,
Thermo Scientific). cDNA was prepared from 1 mg
RNA after Desoxyribonuclease I treatment (0.5 U/
mg RNA; Roche), followed by reverse transcription
in RT buffer (Roche, 04716728001), primers (listed
in Supplementary Table S1), dNTPs (4 mM final,
Applied Biosystems, 4367381number) and Multi-
Scribe reverse transcriptase (2.5 U/ml) (Applied Bio-
systems, 4308228). QPCR was performed using a
QuantStudio 3 Real-Time qPCR System (Applied
Biosystems, A28132). Reactions were performed in
technical duplicates using a Sybr Green Master mix
(ThermoFisher Scientific, 4344463) or Fast Taqman
mix (ThermoFisher Scientific, 4444557). Measure-
ments were normalized to murine GAPDH (Life
Technology, 433764T) was using the comparative
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cycle threshold method. Gene specific primer
sequences are listed in Supplementary Table S1.

Immunofluorescence staining

Tissue sections (4 mm) kidneys embedded in OCT
(Optimal cutting temperature compound, Sakura
Finetek, number) were prepared with a cryostat
microtome (LEICA CM3050S) and deposited on
microscope slides (WVR, 631-0108). Tissue sec-
tions were rehydrated with PBS, permeabilized with
PBS/Triton 0.25% (Merck, T8787) and washed
3 times with PBS. Tissues were incubated at RT for
1 hour with 5% normal donkey serum (NDS, Jack-
son ImmunoResearch) to block unspecific interac-
tions, followed by incubation with primary antibodies
O/N at 4°C. Slides were washed 3 times with PBS
and incubated with secondary antibody diluted in
5% NDS/PBS and washed 3 times with PBS. Nuclei
were stained using 4’,6-Diamidine-2’-phenylindole
dihydrochloride (DAPI) (Sigma) at 1:30,000 dilution
for 10 minutes and washed 3 times with PBS. Cover-
slips were applied using a fluorescence conserving
medium (Fluoromount G, Inv{trogen, 00-4958-02).
Representative images of the fluorescent signals

were acquired using an Axio Imager Z2 Fluorescent
Microscope (Zeiss, 430000-9902) at 20X magnifica-
tion using identical settings (e.g. microscope, magni-
fication, light intensity, exposure time) for all images
to be compared. Primary and secondary antibodies
are listed in Supplementary Table S2.

LC-MS/MS sample preparation and
measurements

Deparaffinized FFPE tissue sections were macro-
dissected to obtain 1�2 mm3 tissue per sample and
transferred into lysis buffer (4% SDS, 0.1M HEPES,
pH 8). Proteins were extracted using Bioruptor
ultrasonication (Diagenode, B01020001) (20 cycles,
40/20 sec ON/OFF, 4°C), heat induced antigen
retrieval (2 h, 95°C), followed by an additional ultra-
sonication (10 cycles, 40/20 sec ON/OFF, 4°C).
Samples were precipitated and the supernatant
was incubated with 5 mM Tris(2-carboxyethyl)
phosphine (TCEP) (Sigma Aldrich, 102372121) and
20 mM chloroacetamide (CAA) (Sigma Aldrich,
1002535380) for 30 min at RT in the dark. Protein
concentration was determined using the bicincho-
ninic acid (BCA) assay (Thermo Scientific, 23225).
Reduced and alkylated proteins were digested
using SpeedBeads Magnetic Carboxylate (Cytiva,
GE65152105050250, GE45152105050250) as pub-
lished [41]. Then, 500 mg pre-washed 1:1 mixture of
hydrophobic and hydrophilic beads were added to
each sample and acetonitrile was added to a final
concentration of 55% (v/v) at RT for 10 min fol-
lowed by washing (2 £ 70% ethanol, 1 £ 100%
acetonitrile) and drying for 5 min without heating
(Eppendorf concentrator 5301). Dried beads were
resuspended in 100 mL ammonium bicarbonate
buffer (100 mM, pH 8) and Lys-C (Serva,
920987.01) was added at a 1:100 (wt/wt) ratio and
incubated at 42°C for 2 h. Trypsin (Serva,
37286.03) digestion was done at a 1:25 (wt/wt) ratio
of protease to protein overnight at 37°C. All sam-
ples were desalted using iST columns (PreOmics,
PO00013) according to the manufacturer’s protocol.
Peptide concentration was determined using the
BCA assay and 2 mg of each sample were further
processed by addition of 11 iRT peptides
(200 fmol/mL), Biognosys, Ki-3002-2), dried and
stored at -80°C until LC-MS/MS measurement.

For LC-MS/MS measurements, each sample was
reconstituted in 12 mL 0.1% formic acid (buffer A)
and separated using an EASY-nLCTM 1000 UHPLC
system (Thermo Fisher Scientific, LC120) at a flow
rate of 350 nL/min. The column setup consisted of a
mPac Trapping column (PharmaFluidics,
55250200018001) and a 200 cm mPac GEN1 ana-
lytical column (PharmaFluidics, 55250315018210)
coupled to a Nanospray FlexTM ion source (Thermo
Scientific, ES071) and a fused silica emitter (MS Wil,
TIP1002005-5). For peptide separation, a 70 min lin-
ear gradient was used with increasing buffer B (80
% acetonitrile, 0.1 % formic acid) ranging from 8% to
40% buffer B, a 10 min linear gradient from 40% to
55% buffer B followed by 40 min 100% buffer B.
Peptides were analyzed using a Q-Exactive Plus
mass spectrometer (Thermo Scientific, San Jose,
CA, IQLAAEGAAPFALGMBDK) operating in data
independent acquisition (DIA) mode. For gas phase
fractionation (GPF) library generation, a mastermix
of all samples was injected six times and measured
in DIA mode, each with a scan range of 100 m/z,
covering in total a scan range of 400�1000 m/z.
Survey scans were performed at 70k resolution, an
automatic gain control (AGC) target of 1e6 and a
maximum injection time (IT) of 80 ms followed by the
fragment ion scans at 17.5k resolution with 4 m/z
isolation window. For DIA of the actual samples, sur-
vey scans were performed at 70k resolution, an
AGC target of 3e6 and a maximum injection time
(IT) of 50 ms. For MS2 scans, peptides were frag-
mented using HCD and stepped collision energy 25,
30 and measured at 17.5k resolution with 24 m/z
isolation window.

Tryptic, GPF refined spectral library generation
by DIA-NN

Raw data were analyzed using DIA-NN (1.7.12)
and a mouse proteome database (downloaded from
ebi.ac.uk/reference_proteomes/ on 28th July 2021
(reference UP000000589 100909) containing 22001
entries. Sequences of common contaminants and
11 iRT peptides were manually appended. With the
proteome FASTA file, a spectral library was
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predicted using the default parameters in DIA-NN.
The GPF dia files were then used to generate a GPF
refined library. Precursors were restricted to 300 m/z
to 1800 m/z, fragments were restricted to 200 m/z to
1800 m/z and retention time (RT) profiling was acti-
vated. Sample dia files were analyzed using DIA-NN
with the refined library and default parameters [42].

Protein expression analysis

Differential abundance of proteins was performed
using R [43] v4.1.0 in R Studio v1.4.1717 and the
limma [44] package, using a predefined significance
threshold of p < 0.05. Gene Ontology (GO) term
enrichment (GO_Biological process_2018) was per-
formed using the Enrichr tool (Ma’ayan laboratory)
[45]. Significant deregulated protein expression
analysis was performed by using the PANTHER ver-
sion 11. Gene set enrichment analysis was per-
formed by using WEB-based GEne SeT AnaLysis
Toolkit (WebGestalt) based on the Gene Ontology
functional database. The DIA spectral data, together
with spectral libraries, search results and R scripts
for data processing were made publicly available via
the MASSIVE repository and can be accessed using
the following repository identifiers: Massive:
MSV000088028; ProteomeXchange: PXD028173.
http://massive.ucsd.edu/ProteoSAFe/QueryPXD?
id=PXD028173.

Microarray data analysis

Gene expression microarray datasets were down-
loaded from NCBI gene expression omnibus (GEO;
GSE104948, GSE104954, glomerular and tubuloin-
terstitial transcriptomes from European Renal cDNA
Bank subjects and living donors) as raw data and
processed using R [43] v4.0.2 in R studio v1.3.959.
Data were normalized with the package affy [46]
using the RMA method and a custom chip descrip-
tion file (BrainArray v25). Pathway analysis was per-
formed using the Pathifier [47] implementation for R.
Differential gene expression analysis was performed
using the package limma [44] using Benjamini-
Hochberg correction for multiple testing (p < 0.05).
Matrix-associated genes were curated from annota-
tions in PANTHER Database (ECM compartment)
and Gene Ontology Functional Database (cellular
components: collagen-containing ECM, collagen tri-
mer). Graphs were plotted using ggplot2 [48] and
ComplexHeatmap [49] packages. Differentially
expressed genes (vs. LD) were compared between
AAV, FSGS and DN by associating the gene name
with the directionality of differential expression and
determining intersection and differences of genes
with significant differential expression with a specific
directionality. Human gene homologues of murine
proteins were obtained using NCBI homologene.
Concordant gene expression between human genes
and human gene homologues of murine proteins
was performed as described above.

AAV patient biopsies

Renal biopsies of AAV patients and healthy kid-
ney donors were de-archived with approval of the
ethics committee of the Medical University of Vienna
(EK 1476/2017).

Histology and immunohistochemistry (IHC)

Formalin-fixed tissues were processed using an
automated tissue processor (Tissue-Tek VIP,
Sakura Finetek). Tissues were embedded in paraffin
and 2mm sections were prepared for AFOG (acid
fuchsine, orange G), sirius red (picric acid/direct red
80) and IHC.

AFOG staining was performed as follows: depar-
affinization, Bouin’s fixative (one hour), destaining in
80% EtOH (10 min), tap water wash (10 min); hema-
toxylin (Weigert) (5 min); tap water wash (10 min),
phosphomolybdic acid staining (5 min), brief distilled
water wash, AFOG solution staining (20 min), brief
distilled water wash, dehydration and mounting with
coverslip.

Sirius red staining was performed using a commer-
cial kit (Morphisto 13425.00250) according to manu-
facturer’s instructions. IHC was performed using
specified antibodies (Supplementary Table S3).

Human IHC was performed on a Ventana Bench-
mark Ultra stainer (Ventana Medical Systems)
except for Collagen III (manual). Murine IHC was
performed manually. In brief, slides were deparaffi-
nized, rehydrated and subjected to heat- or prote-
ase-induced antigen retrieval as specified in
Supplementary Table S3. Endogenous peroxi-
dases were blocked with 3% hydrogen peroxide in
methanol for 10 minutes at RT. Protein blocking and
primary antibody incubation was performed in 2%
normal goat serum. Immunolabeling was amplified
using polymer-based reagents for rabbit primary
antibodies (Vector Laboratories, MP-7451) or avi-
din-biotin complex-based reagents for rat primary
antibodies (Vector Laboratories, SP-2001, Amer-
sham Biosciences, RPN1005V, Vector Laborato-
ries, PK-6100) and developed using DAB substrate
(Thermo Scientific, 34002) according to manufac-
turers’ instructions. Counterstaining was performed
using Mayer’s Hematoxylin for 30 seconds, followed
by dehydration and mounting with coverslip.

Whole slide imaging and software-assisted
analysis of fibrosis (sirius red) and leukocytes
(IHC)

Slides were imaged using a Pannoramic Flash II
slide scanner (3DHistech), using 20x (mouse) or 40x
(human) objectives and 2x doubling lens.

http://massive.ucsd.edu/ProteoSAFe/QueryPXD?id=PXD028173
http://massive.ucsd.edu/ProteoSAFe/QueryPXD?id=PXD028173
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Quantification of staining signals was performed by a
resident pathologist (AO) using QuPath [50]. In brief,
stain vectors were estimated using the built-in color
deconvolution functions before manual annotation of
renal cortex using the polygon annotation tool. IHC
and sirius red stains were quantitated using the built-in
“positive cell detection” and “pixel classification” func-
tions.

Morphological analysis of murine lesions

At least one hundred consecutive glomeruli were
evaluated within one 2mm AFOG-stained section per
mouse by a resident pathologist (AO) for presence of
lesions as follows: presence of fibrinoid necrosis, cres-
cent (extracapillary proliferation), or scarring (segmen-
tal or global sclerosis). Unless specifically stated, all
glomeruli with crescents were counted as “crescents”
(i.e. including crescents and necrosis), while all glomer-
uli with scars were counted as “scars” (i.e. including
scars, crescents and necrosis).

Statistical analysis

GraphPad Prism software (version 8) was used
for statistical analyses and graphical representations
of data unless otherwise specified. For all data, nor-
mal distribution was assessed using the Shapiro-
Wilk normality test. Data with a normal distribution
were tested with an unpaired t-test or one-way
ANOVA. Other data were tested using a Mann-Whit-
ney test or non-parametric ANOVA. Symbols repre-
sent individual mice, horizontal lines and bars
correspond to mean þ/- SEM; * p< 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001.
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