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ABSTRACT

Background The glomerulus comprises podocytes, mesangial cells, and endothelial cells, which jointly
determine glomerular filtration. Understanding this intricate functional unit beyond the transcriptome
requires bulk isolation of these cell types for biochemical investigations. We developed a globally applica-
ble tripartite isolation method for murine mesangial and endothelial cells and podocytes (timMEP).

Methods We separated glomerular cell types from wild-type or mT/mG mice via a novel FACS approach,
and validated their purity. Cell type proteomes were compared between strains, ages, and sex. We applied
timMEP to the podocyte-targeting, immunologic, THSD7A-associated, model of membranous nephropathy.

Results timMEP enabled protein-biochemical analyses of podocytes, mesangial cells, and endothelial cells
derived from reporter-free mice, and allowed for the characterization of podocyte, endothelial, and mesan-
gial proteomes of individual mice. We identified marker proteins for mesangial and endothelial proteins,
and outlined protein-based, potential communication networks and phosphorylation patterns. The analysis
detected cell type-specific proteome differences between mouse strains and alterations depending on sex,
age, and transgene. After exposure to anti-THSD7A antibodies, timMEP resolved a fine-tuned initial stress
response, chiefly in podocytes, that could not be detected by bulk glomerular analyses. The combination of
proteomics with super-resolution imaging revealed a specific loss of slit diaphragm, but not of other foot
process proteins, unraveling a protein-based mechanism of podocyte injury in this animal model.

Conclusion timMEP enables glomerular cell type-resolved investigations at the transcriptional and
protein-biochemical level in health and disease, while avoiding reporter-based artifacts, paving the way
toward the comprehensive and systematic characterization of glomerular cell biology.

JASN 32: 2175-2193, 2021. doi: https://doi.org/10.1681/ASN.2020091346

The glomerular filtration barrier (GFB) represents  structural support. The fenestrated endothelial cells
a sophisticated syncytium of individual cell types,  line the glomerular capillaries and reside opposite
ie, podocytes, mesangial cells, and glomerular  the podocytes, separated by the glomerular
endothelial cells, which sustain the structure and
regulate the function of the filtration barrier.!
Podocytes embrace the glomerular capillaries and ~ Received September 20, 2020. Accepted April 9, 2021.
form an intricate n,leSh with their 1nterd1g1ta't1ng Correspondence: Prof. Catherine Meyer-Schwesinger,
processes that are interconnected by a modified Institute of Cellular and Integrative Physiology, University
form of an adherens junction, the slit diaphragm, Medical Center Hamburg-Eppendorf, Martinistrasse
which ultimately bridges the filtration slits. The 52, 20246, Hamburg, Germany. Email: c.meyer-
intraglomerular mesangial cells are situated in  schwesinger@uke.de

close contact with the endothelial cells and repre-  Copyright © 2021 by the American Society of
sent a specialized form of pericytes that provide  Nephrology
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basement membrane (GBM). Malfunction of any of these cell
types leads to a loss of glomerular function and proteinuria,
leading to the concept that these glomerular cell types inter-
act,” a finding also supported in silico by single-cell transcrip-
tomic studies. However, limitations of single-cell approaches
include the lack of depth of transcriptomes and the difficulty
in subjecting single cells to biochemical applications to ana-
lyze their function. Therefore, analysis of glomerular injury
would also benefit from the bulk isolation of all three cell
types from the glomeruli of individual mice for subsequent
protein-biochemical investigations.

The establishment of a globally applicable, large-scale
method to isolate glomeruli from mice, using magnetic
beads,” revolutionized our understanding of glomerular
injury pathways. Later, a FACS-based method to isolate
podocytes from mice was developed, which has further
enhanced the cellular resolution of glomerular injury pat-
terns, but with an isolated focus on podocytes.*® This
technique relies on the use of mT/mG mice that exhibit a
transgenic, intracellular expression of enhanced green fluo-
rescent protein (eGFP) in podocytes, and of tdTomato in
nonpodocytes, under control of a Cre promotor’ or other
genetically encoded reporters.® However, this method has
significant limitations. First, before podocyte isolation, the
mouse models of interest are required to be crossed to mT/
mG mice, resulting in costly, time-, and mouse-consuming
breeding, with the risk of genetic background changes that
are often accompanied by a change in susceptibility to estab-
lished injury models. Further, only podocytes are isolated
from the mouse, the other glomerular cells are indistinguish-
able from each other through the expression of tdTomato.
These limitations are particularly important in diseases with
altered glomerular composition, such as podocyte loss or
mesangial expansion.

The aim of this study was to develop a (1) globally appli-
cable, and (2) economic (in terms of cost, time, and mice)
isolation protocol of all three glomerular cell types, from an
individual mouse, in sufficient amounts and at a sufficient
purity to enable physiologic, pathophysiologic, protein-
biochemical, and omics investigations of in vivo mouse
models. This glomerular cell isolation technique adds a new
level of biochemical resolution of glomerular cell types that
is not possible using single-cell technologies, spatial tran-
scriptomics, or spatial proteomics.

METHODS

Animals

Male and female C57BL/6 mice and BALB/c mice were pur-
chased from Charles River (Sulzfeld, Germany) at the age of
10-14 weeks. mT/mG mice (ICR;Sv129/J;C57BL/6)° were
provided by T.B.H. (IIT Medical Clinic, University Medical
Center Hamburg-Eppendorf, Hamburg, Germany). Mice
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Significance Statement

Renal blood filtration occurs in a functional unit called the glo-
merulus. The filtration barrier comprises resident cell types, i.e.,
podocytes, mesangial cells, and glomerular endothelial cells. We
introduce a glomerular cell isolation protocol that separates
these three cell types at a sufficient quantity and purity to allow
for detailed protein-biochemical investigations. We demonstrate
that the expression of fluorescent transgenes in glomerular cells
can result in proteome artifacts, and that different mouse strains
have different glomerular cell type proteomes. Further, we dem-
onstrate the power of this globally applicable technique to iden-
tify new proteins enriched in glomerular cells and to dissect cell-
specific disease responses and crosstalk between different intra-
glomerular cell types.

had free access to water and standard chow, were synchro-
nized to a 12-hour light/dark cycle, and euthanized by cervi-
cal dissection for kidney removal. Anti-THSD7A membra-
nous nephropathy (MN) was induced by intravenous
injection of 180 pl (1,4 mg per 30 g mouse) rabbit anti-
THSD7A antibodies, or unspecific rabbit IgG as control, in
male BALB/c mice aged 12-22 weeks.” Urine was collected
after spontaneous urination on day 1 and 7 before euthana-
sia. Cells isolated via the tripartite isolation method for
murine mesangial and endothelial cells and podocytes (tim-
MEP) were analyzed by quantitative PCR (qPCR; days 1 and
7) and by proteomics (day 7).

Measurement of Proteinuria

Urine samples were collected over 3-5 hours in a metabolic
cage with free access to water. Urinary albumin content was
quantified using a commercially available ELISA system
(Bethyl) according to the manufacturer’s instructions, using an
ELISA plate reader (BioTek), as described.'® Albumin levels
were standardized against urine creatinine values, determined
according to the Jaffe method, for the same individuals.

Glomerular Cell Isolation

Kidneys were harvested, perfused with magnetic DynaBeads,
and glomeruli were isolated as previously described.” We
then isolated podocytes, mesangial cells, and endothelial
cells (a detailed protocol is provided in Supplemental
Appendix 1). In brief, collected and pelleted, decapsulated
glomeruli were dissolved in digestion buffer. The digestion
buffer contained 1000 pg/ml Liberase TL (Roche), 100 U/ml
DNasel (Roche), 10% FCS, 1% insulin/transferrin/selenium,
1% penicillin/streptomycin, and 25 mM HEPES dissolved in
1X RPMI 1640 (Gibco). Cells were incubated for 2 hours at
37°C and 1400 rpm, and repeatedly, diversely, mechanically
stressed by vortexing, shearing (with a 27-gauge needle),
and pipetting (inspired by Boerries et al.”) using Pasteur and
Eppendorf pipettes to promote maximum cellular separa-
tion. A DynaMag magnet was used to separate glomerular
remnants and DynaBeads from single cells. After 5 minutes
in the DynaMag, the single cell-containing supernatant was

JASN 32: 2175-2193, 2021
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Figure 1. FACS strategy from wild-type and mT/mG mice for tripartite isolation of glomerular cell types allows bulk isolation of
podocyte, mesangial and endothelial cells. (A) Scheme of a glomerular loop depicting the localization of the cell-specific markers
used for the FACS strategy. (B) Confocal micrographs depicting labeled podocytes (pc; podoplanin, red), endothelial cells (ec;
CD31, green), and mesangial cells (CD73, blue) in a 4% PFA fixed-frozen section of a murine kidney. DNA was visualized using
Hoechst. (C) Gating strategy of glomerular single cells derived from an mT/mG mouse, demonstrating a distinct podocyte (eGFP*/
tdTomato™, red), endothelial cell (tdTomato™/eGFP~/CD31%/CD73~, green), and mesangial cell (tdTomato™/eGFP~/CD73"/
CD317, blue) population. The unlabeled cells represent contaminating cells such as tubular cells. The left lower panel exhibits a rep-
resentative high-resolution confocal image of the intrinsic GFP and tdTomato expression in an mT/mG glomerulus from an optically
cleared kidney section. The histologic panel exhibits intrinsic GFP and tdTomato fluorescence of a glomerular capillary loop of an
optically cleared 300-um kidney slice. (D) Gating strategy of glomerular single cells isolated from a wild-type mouse exhibiting a dis-
tinct podocyte (PC; podoplanin*/CD737/CD317, red), endothelial cell (EC; CD31"/CD73" /podoplanin~, green), and mesangial cell
(MC; CD73"/CD31" /podoplanin~, blue) population. The unlabeled cells represent contaminating cells such as tubular cells. FSC-A,
forward scatter area; FSC-W, forward scatter width; SSC-A, side scatter area.

1A. However, we then revised

collected. Cells were pelleted (10 min, 4°C, 1000 X g) and
washed once with magnetic cell sorting buffer (PBS with 0.
5% BSA and 2 mM EDTA). After centrifugation, the super-
natant was carefully removed to avoid any disturbance of
the very fragile cell pellet. Subsequently, cells were stained
with the cell-specific antibodies Podoplanin (podocytes),
CD73 (mesangial cells), CD31 (endothelial cells), CD45 (leu-
kocytes), and a LIVE/DEAD stain (Invitrogen), as listed in
Supplemental Table 1. After incubation (30 minutes at 4°C
in complete darkness), cells were washed once more, resus-
pended in magnetic cell sorting buffer, and sieved through
40-pum sieves into the FACS tubes. Cells for the native prote-
omic experiments were sorted using a FACSAria Fusion
(BD Biosciences), applying the strategy shown in

JASN 32: 2175-2193, 2021

Supplemental Figure
this strategy to compensate for slight and minor cross-
contamination of podocytes in the mesangial cells, which
became evident in this proteomic dataset (Supplemental
Figures 1B and 2). We only recommend using the strategy
shown in Figure 1D for sorting, which was used for all other
depicted experiments (i.e., qPCR and proteomics of
THSD7A-MN glomerular cells, cell culture, and Western
blot).

Sample Preparation and Mass Spectrometry Analysis
Cell pellets were snap frozen and stored at —80°C. For com-
parison of different strains, approximately 50,000 cells were
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analyzed. Cells were resuspended in 4% SDS and 10 mM
Tris and heated at 95°C for 10 minutes. Then, solubilized
proteins were reduced and alkylated using 5 mM dithio-
threitol and 10 mM iodoacetate, respectively. Proteins were
digested and prepared using the SP3 protocol, with modifi-
cations, as previously described.'”'? For deeper protein
analysis, we obtained pellets of 1 million cells from mT/mG
mice. These pellets were resuspended in 8 M urea and 5 mM
Tris in liquid chromatography-mass spectrometry— grade
water, sonicated for 1 minute using an ultrasonication pulse
(0.1 second cycle, 10% strength), and spun down at 16000 X
g at 4°C. Protein concentration (for 1 million cells) was
determined using a commercial BCA assay (Thermo). Pro-
teins were then reduced and alkylated as described above.
Proteins were digested using a protease in-solution digestion
protocol, with a modified SP3 protocol'*'? (50,000 cells), or
in-solution digestion."* We used trypsin for all digestion
steps. Tryptic peptides were analyzed using a nanoscale lig-
uid chromatography-tandem mass spectrometry hardware
setup, consisting of a nanoflow LC (flow, 200 nl/min) cou-
pled to an Orbitrap QExactive Plus tandem mass spectrome-
ter. The peptides were separated using a gradient for
reverse-phase separation, consisting of buffer A and buffer
B, with ascending concentrations of buffer B (80% acetoni-
trile, 0.1% formic acid) over buffer A (0.1% formic acid).
The peptides from 50,000 cells were separated using a 1
hour gradient. The peptides from 1 million cells were sepa-
rated using a 2.5 hour gradient.

Bioinformatic Analysis

Protein raw files were searched using MaxQuant and the
LFQ algorithm'>'® with searches against a UniProt mouse
proteome reference database released in January 2018.
Search criteria were alkylation on cysteines as a fixed modifi-
cation, and amino-terminal acetylation and methionine oxi-
dation as variable modifications. Default criteria were used,
meaning that PSM, peptide, and protein false discovery rates
(FDRs) were set at 0.01. The LFQ algorithm was enabled,
and “match between run” was enabled. The data were ana-
lyzed using Perseus version 1.5.5.3, with filtering for the
embedded annotations as contaminant, reverse, or proteins
identified by site only. Only proteins in at least 60% of sam-
ples were retained, and missing values were imputed using
default imputation parameters (downshift SD, 2; width, 0.3).
Gene Ontology term and UniProt keyword annotation and
enrichment were performed using the embedded terms.'”
Radar plots were generated using the ggradar package (Rstu-
dio; https://github.com/ricardo-bion/ggradar), with default
settings. The generated .txt files have been shared (see Data
Sharing Statement). Differentially expressed proteins were
defined by ANOVA with an FDR-corrected P value of <0.
01 to adjust for multiple testing. For these proteins, we
defined criteria for the identification of new glomerular
cell-enriched proteins as follows: (1) a log, fold change of

2178 JASN

two between podocytes and nonpodocytes; (2) a negative
search result in PubMed (https://www.ncbi.nlm.nih.gov/
pubmed) with the keywords “protein of interest” and
“podocyte” or “glomerular” or “renal” or “kidney,” “protein
of interest” and “mesangium” or “mesangial” or
“glomerular” or “renal” or “kidney,” and “protein of inter-
est” and “endothelial” or “endothelium” or “glomerular” or
“renal” or “kidney”; and (3) a validated cell-of-interest
expression pattern in the human protein atlas (https://www.
proteinatlas.org/search). From significantly enriched podo-
cytes, protein-protein interaction networks were generated
using STRINGdb'® and filtered for high confidence (>0.9)
on the basis of experimental or database evidence only.
Then, protein networks were imported into Cytoscape ver-
sion 3.3, and all edges that were not between two different
cell types and the associated nodes were removed.

Phosphorylation Patterns

To determine phosphorylation patterns, we used MaxQuant
to search our raw spectral data against a mouse database,
with phosphorylation as a variable modification, as previ
ously described.”® Sequence windows of phosphorylation
sites with a localization probability >0.8 were used for fur-
ther analysis. Phosphorylation patterns were determined
using Seq2Logo,”" using the Kullback-Leibler sequence logo
type, Hobohm-1 clustering with a threshold of 0.63, and
weight on prior set to 200.

qPCR Analysis

Total mRNA was extracted from FACS-sorted cells and iso-
lated glomeruli using the NucleoSpin RNAII kit and Nucleo-
Spin RNA Plus XS (both Macherey-Nagel), according to the
manufacturer’s instructions, and was reverse transcribed
with a random hexamer primer (Invitrogen) and RevertAid
(Thermo Fisher). mRNA expression was quantified with
QuantStudio 3 using SYBR green, as recently described.”
The exon-spanning primer pairs for murine cDNA are listed
in Supplemental Table 2. 18S was used as an internal control
to correct for small variations in RNA quality and cDNA
synthesis. Amplicons of random samples for each primer
pair were determined by automatic PCR sequencing to dem-
onstrate the specificity of the PCR reaction (data not
shown). ACT values were calculated using 18S as a house-
keeping gene. AACT values were calculated as the difference
between the glomerular and sorted cell ACT; relative expres-
sion (RE) is 2*2°T. The RE of sorted cells are expressed as a
percentage of the glomerular RE, which is calculated as fol-
lows: 100% X (cell RE/glomerular RE—1).

Immunoblotting

Immunoblots were performed from isolated glomerular cells
or glomeruli from one mouse per lane. Samples were lysed
in T-PER (Thermo Scientific) containing 1 mM sodium
fluoride, 1 mM sodium vanadate, ] mM calyculin A, and

JASN 32: 2175-2193, 2021
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cOmplete Protease Inhibitor (Roche), and denatured in 5X
SDS. Samples were separated on a 4%-12% Mini Protean
TGX gel (Bio-Rad, Hercules, CA) in a Tris-glycine migration
buffer (0.25 M Tris, 1.92 M glycine, 1% SDS, pH 8.3). Protein
transfer was performed in transfer buffer (0.192 M glycine, 25
mM Tris base, 20% ethanol in double-distilled water) in a
TransBlot Turbo System (Bio-Rad). After the transfer, all pro-
teins were visualized by Ponceau S staining. Polyvinylidene
difluoride membranes (Millipore) were blocked (5% nonfat
milk) before incubation with primary antibodies diluted in
SuperBlock blocking reagent (Thermo Scientific). We used
the following primary antibodies: guinea pig anti-Nephrin
(1:2000; Progen), rabbit anti-PDGFR-S (1:1000; Cell Signal-
ing), rat anti-VE-Cadherin (1:1000; BD Biosciences), rab-
bit anti-THSD7A (1:1000; Atlas), rabbit anti-Synaptopodin
(1:1000; Synaptic Systems), guinea pig anti-Nephl (1:1000,
gp2; made by T.B.H.), rabbit anti-Podocin (1:500; Sigma),
rabbit anti-a-Actinin 4 (1:1000; Immunoglobe). Binding
was detected by incubation with  horseradish
peroxidase-coupled secondary antibodies (1:10000, 5%
nonfat milk). Protein expression was visualized using ECL
SuperSignal (Thermo Scientific), according to the manufac-
turer’s instructions, on an Amersham Imager 600 (GE
Healthcare, Little Chalfont, United Kingdom). We ana-
lyzed Western blots using software from Image].**

Immunofluorescence

A Kkidney section (300 um thick) from an mT/mG mouse
was fixed with 4% paraformaldehyde (PFA; EMSciences) for
6 hours, washed with PBS, and optically cleared for 24 hours
using SCALEVIEW-A2 (FUJIFILM Wako Chemicals).
FACS-sorted glomerular cells were seeded on collagen type
IV—coated (Sigma), 35-mm culture dishes (Sarstedt) for 24
hours, and fixed with 4% PFA for 8 minutes at room tem-
perature (RT). For immunofluorescence, nonspecific bind-
ing was blocked with 5% normal horse serum (Vector) in
PBS with 0.05% Triton X-100 (Sigma) for 30 minutes at RT.
Subsequently, cells were stained with Alexa Fluor
488-phalloidin (1:400; Molecular Probes), rhodamine-Wheat
germ agglutinin  (WGA; 1:400; Vector), and Hoechst
(1:1000; Molecular Probes) for 30 minutes at RT and then
coverslips were applied using Fluoromount (SouthernBio-
tech). Paraffin sections (3 um) were deparaffinized and rehy-
drated in water. Antigen retrieval was performed by cooking
at a constant temperature of 98°C in DAKO (pH 9) or cit-
rate (pH 6.1) buffer for 30 minutes. Frozen sections were
dried and fixed with 4% PFA for 8 minutes at RT. Nonspe-
cific binding in frozen and paraffin sections was blocked
with 5% normal horse serum in 0.05% Triton X-100 for 30
minutes at RT. The following primary antibodies were incu-
bated overnight in blocking buffer at 4°C: goat anti-
THSD7A (1:200; Santa Cruz), Cy3 anti-mouse IgG, rat
anti-ubiquitin carboxy-terminal hydrolase L1 (anti-UCH-
L1; U104; 1:50),24 guinea pig anti-Nephrin (1:200; Acris),
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PE-Podoplanin (1:50; BioLegend), Alexa Fluor 647-CD73
(1:50; BioLegend), CD31 (PECAMI, 1:100; BD Pharmin-
gen), guinea pig anti-Nephl (gp2, 1:100), rabbit anti-Nephl
(1:100; made by T.B.H.), and guinea pig anti-Synaptopodin
(1:200; Synaptic Systems). After washing in PBS,
fluorochrome-labeled donkey secondary antibodies (all from
Jackson ImmunoResearch Laboratories) and Hoechst
(Molecular Probes) were applied, where appropriate, for 30
minutes at RT. After washing in PBS, sections were mounted
in Fluoromount. Staining was visualized using an LSM800
with Airyscan and the ZenBlue software, or with an ELYRA
PS.1 SIM microscope and the ZenBlack software (all Zeiss).
To quantify foot process morphology, analysis of filtration
slit density was performed, as previously described .>>*® To
quantify protein intensity at the slit diaphragm (Nephrin
and Nephl), or at the foot processes (Synaptopodin), the
amount of white/black pixels was measured in a standard-
ized region of interest at the GFB using FIJL.

Uniform Manifold Approximation and Projection
Visualizations

To further visualize the separation of podocytes, mesangial
cells, and endothelial cells, we performed Uniform Manifold
Approximation and Projection (UMAP), a dimensionality
reduction method (https://joss.theoj.org/papers/10.21105/
joss.00861). This algorithm can be used to map high-
dimensional data into two dimensions. Visualizations were
created from cytometry channel data and gates were used as
labels for coloring. Only living, single cells were included in
analyses.

Statistical Analysis

Results were expressed as means*=SEM or SD, and signifi-
cance was set at P<<0.05. The means were compared using
the two-tailed, nonparametric Mann-Whitney U test to
enable robust conclusions on the effect’s significance in case
of departures from normality, which is associated with small
sample sizes. We used biologic replicates, measured using
different samples derived from distinct mice. More than two
groups and points in time were analyzed using the two-way
ANOVA with the Sidak multiple comparison.

RESULTS

Establishment of the Glomerular Cell Isolation Method
First, we established and validated fluorescently labeled anti-
bodies directed against extracellular antigens that would
prove suitable for labeling of individual glomerular cell
types, after an extensive protocol of enzymatic digestion and
mechanical disruption (Figure 1A). Immunofluorescence
analysis of frozen murine kidney sections (Figure 1B) dem-
onstrated a specific labeling of podocytes with antibodies
directed against Podoplanin27; of endothelial cells with
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Figure 2. FACS-sorted cells are pure and in sufficient amounts to perform protein-biochemical investigations. (A) Graph depicting
the mean cell harvest per mouse in absolute numbers (mean+SEM, n=149 mice, pooled data from 20 independent experiments).
Percentages indicate the relative number of each cell population from the total amount of isolated cells. (B) Representative confocal
images of FACS-sorted podocytes (PC), mesangial cells (MC), and glomerular endothelial cells (EC) plated on collagen IV. F-actin
(green) demarcates the actin cytoskeleton, WGA (red) the glycocalyx; DNA was stained with Hoechst (blue). (C) Real-time qPCR anal-
ysis exhibiting the expression of cell-specific transcripts. mRNA was isolated from FACS-sorted podocytes, mesangial cells, and
endothelial cells, and from isolated glomeruli derived from the same individual. ACT values were calculated using 18S as a house-
keeping gene. AACT values were calculated as the difference between the glomerular and FACS-sorted cell type ACT. Displayed is
the RE of FACS-sorted cell types in percent of the glomeruli. Note the significant enrichment of cell-specific transcripts in the FACS-
sorted cell types compared with the glomerulus. Mean=SEM, n=8 (Nphs2, Pdgfrb, Cdh5), n=4 (Pdpn, Cd73, Pecam1), pooled data
from three independent experiments, one-way ANOVA and Bonferroni’s multiple comparisons test. (D) Cell number-adapted lysates
of FACS-sorted cells from individual mice were separated by SDS-PAGE and analyzed by immunoblot for the expression of cell-
specific markers. Graphs exhibit densitometric quantification, values were normalized to Ponceau S staining of the same membrane,
and are expressed as mean*=SEM RE levels to podocytes. n>4 pooled data from two to five independent blots, with n=2 mice per
blot. *P<0.05, **P<0.01, ***P<0.005, 3P<0.0001. Rel., relative.
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Figure 3. Tripartite cell type isolation and proteomic analysis from mT/mG mice shows cell specific profiles. (A) Three-dimensional

view of the tripartite cell proteomes containing 6600 proteins and

quantification of 4400 proteins. (B) PCA showing clear separations

of endothelial cell (endo), mesangial cell (mes), and podocyte (podo) proteomes. (C) Cell marker gene products derived from Karais-

kos et al.,*°

teinuria genes. (E) Position-weighted matrices of phosphorylation

and their proteomic expression from mesangial cells, podocytes, and endothelial cells. (D) Expression of annotated pro-

motifs in podocytes, mesangial cells, and endothelial cells. Letter

height represents frequency around the central (serine) phosphorylation site. (F) Visualization of glomerular cell crosstalk systems.
Protein-protein interaction networks were generated in STRING using high-confidence interactions (database and experimental evi-

dence, confidence >0.9) .

antibodies directed against CD31%%; and of mesangial cells
with antibodies directed against ecto-5 -nucleotidase/CD73,
an enzyme responsible for adenosine formation from AMP
expressed in mesangial cells.”® Two protocols were used for
the initial comparison of glomerular cell types isolated on
the basis of cell type reporter expression (Figure 1C) with
those isolated from reporter-free mice (Figure 1D). As a

JASN 32: 2175-2193, 2021

reference for reporter-free glomerular live cell isolation, mT/
mG mice were used, in which podocytes are already marked
by the intrinsic expression of eGFP and all of the other
murine cells by the intrinsic expression of tdTomato. To dif-
ferentiate glomerular endothelial and mesangial cells, the
remaining tdTomato-positive glomerular cells were sepa-
rated into tdTomato’/CD31"/eGFP~/CD73~ endothelial
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Figure 3. (Continued)

cells and into tdTomato " /CD73"/eGFP~/CD31~ mesangial
cells (Figure 1C). This gating strategy was then modified for
the use in wild-type mice, using a combination of
fluorophore-conjugated anti-Podoplanin, anti-CD31, and
anti-CD73 antibodies, resulting in three distinct glomerular
cell populations: Podoplanin®/CD317/CD73~ podocytes,
CD73"/Podoplanin™ /CD31~  mesangial cells, CD31"/
CD73 /Podoplanin~ endothelial cells, and a population of
nonlabeled cells. These nonlabeled cells most likely repre-
sented contaminating tubular cells, because they expressed
higher levels of the tubular transcripts Slc12al (encoding for
Nkec2) and Agp4 (encoding for Aquaporin 4) relative to iso-
lated glomeruli (Figure 1D, Supplemental Figure 3). UMAP
analysis demonstrated a clear separation of the three
glomerular cell types in wild-type mice (Supplemental
Figure 2A).

Isolated Glomerular Cells Are Pure

To evaluate purity and to assess further usability of the iso-
lated cell populations, we performed several experiments.
First, we established the typical cellular yield obtained by
this isolation technique (Figure 2A). In total, 11% (mean=
SEM, 35,600=*1,722) of glomerular cells isolated were podo-
cytes, 16% (55,300%3,600) were mesangial cells, and 73%
(245,00011,000) were endothelial cells. These percentages
and absolute cell numbers were stable across species and
sex (Supplemental Figure 4, A and B). In old mice (61-69
weeks old), the efficiency of podocyte, mesangial cell, and
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endothelial cell isolation decreased significantly, when com-
pared with younger (11-14 weeks old) mice (Supplemental
Figure 4C). The percentages of isolated cell types were not
different between wild-type and mT/mG mice, although
mT/mG mice resulted in higher absolute number of podo-
cytes, mesangial cells, and endothelial cells than wild-type
mice (Supplemental Figure 5). We then plated the FACS-
sorted cells onto collagen type IV-coated culture plates to
assess the morphologic characteristics of the different cell
populations by visualizing the actin cytoskeleton with
F-actin and the glycocalyx by staining with WGA (Figure
2B). FACS-sorted podocytes were the largest cells and exhib-
ited an elaborate phenotype with long arborizations and a
cortical actin ring, as expected.' FACS-sorted mesangial cells
were generally smaller than podocytes, with a coarse actin
cytoskeleton and smaller membrane arborizations. FACS-
sorted endothelial cells were the smallest of all cell types,
round in morphology, with a prominent WGA-positive gly-
cocalyx. We then analyzed the RE of cell-specific transcripts
in the FACS-sorted cell population relative to the transcript
levels present in whole glomeruli from the same mouse (Fig-
ure 2C). The expression of the podocyte-specific transcripts
Nphs2 (encoding for Podocin) and Pdpn (encoding for
Podoplanin) was enriched in podocytes, compared with glo-
meruli, and significantly lower in mesangial and endothelial
cells. The expression of the mesangial cell-specific tran-
scripts Pdgfrb (encoding for PDGFR-B) and Cd73 (encoding
for CD73) was enriched in mesangial cells compared
with glomeruli, and significantly lower in podocytes and
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Figure 4. TimMEP identifies new podocyte-, mesangial cell-, and glomerular endothelial cell-enriched proteins in reporter-free sin-
gle mice. (A) Heat map showing Euclidean distance clustering of single-mouse, single-shot proteomics results from male C57BL/6,
female C57BL/6, female BALB/c, and female mT/mG mice. Each column represents a cell type proteome from a single mouse. (B)
To identify new proteins enriched in podocytes, mesangial cells, and glomerular endothelial cells, glomerular cell type proteome lists
of individual mice were compared. For the comparisons, we defined (1) a t-test difference cutoff of greater than two between podo-
cytes and nonpodocytes; (2) a negative search result in PubMed (https://www.ncbi.nlm.nih.gov/pubmed); and (3) a validated podo-
cyte expression pattern in the Human Protein Atlas (https://www.proteinatlas.org/search), from which the histologic micrographs are

taken. (C) SD distributions of proteins in each cell type reveal low variance of expression in endothelial cells.

endothelial cells. The expression of the endothelial
cell-specific transcripts Cdh5 (encoding for VE-Cadherin)
and Pecam1 (encoding for CD31) was enriched in endothe-
lial cells, compared with glomeruli, and significantly lower
in podocytes and mesangial cells. To control for parietal epi-
thelial cell and tubular cell contamination of our glomerular
cell type preparations, we first ensured that our glomerular
isolation resulted in a preferential enrichment of decapsu-
lated glomeruli, without appending tubuli, by phase-contrast
microscopy. Second, potential contamination was excluded
by qPCR for the parietal cell-specific transcripts Ladl (enco-
des for Ladinin) and Scin (encodes for Scinderin),?” and for
transcripts specific to tubular cells, Agp4 (encodes for Aqua-
porin 4) and SlcI12a3 (encodes for the sodium chloride
channel NCC) (Supplemental Figure 6A). Additionally, we
controlled for the absence of the parietal cell-specific protein
Claudinl in the podocyte cell population by Western blot

JASN 32: 2175-2193, 2021

(Supplemental Figure 6B). We next proceeded to evaluate the
expression of cell-specific markers by immunoblot (Figure
2D). Cell number-adapted lysates of FACS-sorted cells from
individual mice were separated by SDS-PAGE and blotted for
cell-specific markers. Corroborating the qPCR results, only
podocytes expressed the slit membrane protein Nephrin, only
mesangial cells expressed PDGFR- 3, and only endothelial cells
expressed VE-Cadherin. Taken together, these analyses dem-
onstrate the successful isolation of podocytes, glomerular endo-
thelial cells, and mesangial cells from individual mice in
sufficient amounts to perform protein-biochemical investigations.

Proteomic Analyses Unravel Glomerular Cell-Specific
Molecular Reference Profiles and Signaling Networks
Using gating strategy 1 (applied to transgenic mice; Figure
1C), we first generated a proteomics profile from mT/mG
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Figure 6. Glomerular cell-specific analyses in the experimental model of THSD7A MN unravels acute transcript regulation. Experi-
mental THSD7A MN was induced in male BALB/c mice by injection of podocyte-targeting rbTHSD7A-abs) or nonspecific control
rblgG. Analyses were performed on day 1 (d1) and 7 (d7) after antibody injection. (A) Confocal analyses demonstrating rblgG (green)
deposition in a linear (day 1) and a more granular (day 7) pattern in rbTHSD7A-abs—-injected mice. Yellow color exhibits colocalization
of the injected rabbit antibodies with the antigen THSD7A (red), as a sign for successful induction of MN (DNA, blue). (B) Urinary
albumin-creatinine ratio on days 1 and 7. **P<0.01 to day 7 rblgG, Mann-Whitney U test. (C-E) qPCR analyses were performed in
isolated glomeruli (as the conventional method, graphs with gray bars) and in FACS-sorted (right graphs) podocytes (PC, red bars),
glomerular endothelial cells (EC, green bars), and mesangial cells (MC, blue bars) of the same mouse. Graphs exhibit RE in compari-
son with rblgG-treated mice (control [Co], striped bar) of the respective time point (day 1 rblgG to day 1 rbTHSD7A-abs, and day 7
rblgG to day 7 rbTHSD7A-abs) after normalization to 18S as a housekeeping gene. The control bars exhibit the pooled day 1 and
day 7 rblgG values for simplification. *P<0.05, **P<0.01 to control, 35P<0.01 to day 7 rblgG, Mann-Whitney U test. Ox, oxidative;
Rel., relative.

mice using cell pellets consisting of 1 million cells. The data-
set quantified 4753 proteins from these cells out of >6600
proteins, allowing for a three-dimensional view of protein
quantification (Figure 3A). Principal component analysis
(PCA) and hierarchic clustering revealed a strong separation
of the cell types (Figure 3, B and C). Using t-test analyses,
we defined lists of podocyte-, endothelial cell-, and mesan-
gial cell-specific proteins that were significantly enriched
over the other cell types. These can be found in
Supplemental Table 3 for mT/mG mice, and in
Supplemental Table 4 for wild-type mice across sex, species,
and age. On the basis of statistical enrichment followed by

JASN 32: 2175-2193, 2021

statistical testing with correction for multiple testing, we
defined 1150 endothelial cell-, 366 mesangial cell-, and 718
podocyte-specific proteins (FDR<0.01, at least two-fold log,
enrichment, P<<0.05). To confirm the purity of the prepara-
tion, we mapped these cell type-specific proteins against
previously defined cell marker genes obtained by single-cell
RNA sequencing.’® The data were largely consistent with
the protein expression defined on these clusters; however,
some genes were differently expressed (Figure 3C). We
mapped known proteinuria genes’' against the enrichment
and found the majority of proteinuria genes in podocytes
(Figure 3D). We also mapped 365 high-confidence
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Figure 7. TimMEP dissects reduced slit diaphragm protein levels in THSD7A-associated MN. Experimental THSD7A-associated MN
was induced in male BALB/c mice by injection of podocyte-targeting roTHSD7A-abs or unspecific control rblgG. (A) Glomerular cell
types were isolated by timMEP on day 7 after antibody injection and bulk proteomics were performed. PCA showing clear separation
of endothelial cell, mesangial cell, and podocyte proteomes from control- (filled circles) and THSD7A-MN-derived (open squares)
cell types. (B) Percentages of significantly regulated proteins are indicated in timMEP-isolated glomerular cell types. (C-E) Volcano
plots showing differences between proteins highly expressed in control (right side of the plot) and MN (left side of the plot) glomeru-
lar cell types. Proteins beyond the lines are of significance (FDR<0.05, s0=0.1 [fudge factor]) . (F) Western blot from isolated glomer-
uli of experimental mice on day 12 for the slit diaphragm (SD) proteins Nephrin and Neph1, for THSD7A, and for the foot process
(FP) proteins a-Actinin 4, Synaptopodin, and Podocin. B-Actin of the same membrane was used as a loading control. Graph exhibits
relative protein-of-interest (POI) abundance in comparison with rblgG-treated mice (control [Co], striped line and white bar) of the
respective POl (after normalization to B-actin of the same membrane). n=5, pooled data from two independent experiments.
**P<0.01 to control, Mann-Whitney U test. (G) Super-resolution structured illumination microscopy micrographs of triple immunos-
taining for Neph1 (green), THSD7A (red), and Nephrin (cyan) in a healthy mouse, pig, and human glomerulus. Note the close locali-
zation of THSD7A to Neph1 and Nephrin in all species (arrows).

phosphorylation sites in the proteomics data; among these,  the extracellular matrix, and a distinct signaling system. One
protein phosphorylation of Kirrel (Nephl) and Synaptopo-  example here was the ephrin-ephrin receptor system, with
din were only detected in podocytes. Motif analysis of the = Epha2 and Efnbl expressed in podocytes, and Epha2,
phosphorylation sites uniquely localized to cell types  Ephb4, and Efnb2 expressed in endothelial cells (Figure 3F).
revealed higher distinct sequence logos in each cell type. For ~ Furthermore, we constructed cell type-enriched signal
instance, phosphorylation sites unique to podocytes had  transduction networks using a protein-protein interaction

more acidic (D/E) amino acid residues on the carboxy-  network and the NetBox algorithm (Supplemental Figure
terminal of the phosphorylation site (Figure 3E). This phos-  7).** Both analyses support the view of podocytes being
phorylation motif is increasingly found in proteins at the fil-  active in proteostasis.

tration barrier, for instance, a phosphorylation site of Nephl

at S584 (sequence window REPLTMHS*DREDDT) that was

previously described.*>** We also used in silico protein-  Proteomic Analyses Unravel New Glomerular

protein interaction analyses and data resources to map  Cell-Specific Proteins

potential intercellular protein crosstalk and communication. ~ We applied the newly generated method to cell populations
The analysis revealed contribution of different cell types to  from a single mouse, comparing male and female mice in a
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Figure 8. TimMEP unravels selective loss of slit diaphragm proteins as a pathogenic factor in THSD7A-MN. Experimental THSD7A-
associated MN was induced in male BALB/c mice by injection of podocyte-targeting rbTHSD7A-abs or nonspecific control rblgG.
Glomeruli were analyzed on day 7 by super-resolution structured illumination microscopy (SR-SIM). (A) Quantification of filtration slit
density (FSD) by podocyte exact morphology measurement procedure demonstrates extensive foot process effacement of
rbTHSD7A-abs—-injected mice. n=23 regions of interest. (B-D) Quantification of Nephrin, Neph1, and Synaptopodin abundance at
the frontal plane of the GFB using FIJI. n=30 regions of interest. (E-G) SR-SIM high-resolution micrographs of double immunostain-
ings for THSD7A (red) with Nephrin, or Neph1, or Synaptopodin (all green) using guinea pig or goat secondary antibodies to prevent
the detection of the bound rbTHSD7A-abs. (H) Scheme of proposed pathogenic process in THSD7A-associated MN: THSD7A-
autoantibodies traverse the GBM and bind to THSD7A localized at the slit diaphragm (SD) in close proximity to Neph1 and Nephrin.
Binding of autoantibodies induces the selective removal/degradation of the SD proteins Nephrin and Neph1, whereas most foot
process (FP) proteins are not lost. ***P<0.001, ****P<0.0001, Mann-Whitney U test. Rel., relative. EC, endothelial cell; MC, mesan-

gial cell; PC, podocyte.

C57BL/6 background, BALB/c females, and—as a control—
mT/mG female mice that were subjected to the original pro-
tocol. To test the generalizability of the method from FACS-
sorted cells, and to test the purity of the preparations, we
generated proteomics profiles from three different cell types
by single-shot proteomics from the cell fractions from a sin-
gle mouse. An overview of the dataset revealed very clear
separations of three distinct cell types, suggesting the iden-
tity of these cells is in fact different (Figure 4A). We again
determined which proteins were specifically enriched in the
different glomerular cell types, and found novel cell type
markers by comparing our results with the Human Protein
Atl as (Figure 4B, Supplemental Figures 8-10). To the best
of our knowledge, we identified 12 new podocyte-enriched
proteins, 16 new mesangial cell-enriched proteins, and 22
new glomerular endothelial cell-specific proteins on the
basis of strict criteria (see Methods). In addition, the clear
presence of mesangial cells in this protocol is remarkable,
because the molecular protein composition of these cells has
not yet been described. In confirmation of our proteomic
data, qPCR and immunofluorescence validation experi-
ments found that expression of integrin 83 and its ligand,
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fibronectin, was restricted to glomerular endothelial cells
(Supplemental Figure 11). We next analyzed which protein
classes had high variance between the four mouse strains
(Figure 4C). Podocyte proteins had the largest variance
(highest SD) between the proteins among all three cell types,
which may be due to the disruptive isolation method used in
this protocol. Through the high sensitivity of the assay, we
also observed that the mesangial cell populations had mini-
mal contamination by podocytes with the initial gating
strategy (Supplemental Figures 1A, 2B and 2C), which we
estimated to be around 2%, as compared with the mT/mG-
derived mesangial cells. In reaction to this observation, we
improved the gating strategy for all other investigations
(Figure 1D, Supplemental Figure 1B). The UMAP analysis
demonstrates the removal of the contaminating podocytes
in the mesangial cell population by using these adjustments
(Supplemental Figure 2, B and C).

Glomerular Endothelial Cells Exhibit Proteomic
Differences between Mouse Strains

We performed deeper proteomic bioinformatic analysis
of the population with the highest homogeneity: the
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glomerular endothelial cells. PCA of the glomerular endo-
thelial cell proteomes derived from four different mouse
strains (female C57BL/6, male C57BL/6, BALB/c, and mT/
mG mice) was performed. Data revealed a separation by
strain, with male and female C57BL/6 mice being similar,
and mT/mG mice being the most different from the others
(Figure 5A). The proteins with the most significant differ-
ences in this dataset were UCH-L1 (a major neuronal deubi-
quitinase of the degradative ubiquitin proteasome system’°)
and Gvinl (GTPase, very large IFN inducible 1, which con-
tributes to the cellular response to both type I and type II
IFNs®®) (Figure 5B), suggesting that reporter-dependent
artifacts in the proteome must be considered when using
fluorescent reporter systems. Volcano plot analysis revealed
a >16-fold difference of these proteins in the mT/mG endo-
thelial cells as compared with C57BL/6 cells (Figure 5C). In
fact, the differences in endothelial expression of UCH-L1
could be confirmed using confocal microscopy of C57BL/6
and mT/mG glomeruli (Figure 5D). We also performed
unbiased analysis of differentially expressed proteins within
the four strains (Figure 5E), using an ANOVA with
FDR<0.01. Clustering analysis revealed there was a signifi-
cant alteration in stress-response proteins in mT/mG mice,
compared with the other strains, and an alteration of immu-
nity and cell adhesion proteins in BALB/c females, com-
pared with C57BL/6 females (Figure 5F).

Glomerular Cell Types Resolve Specific Reactions in
Anti-THSD7A MN

We then determined whether our glomerular cell isolation
technique was also suitable for the separation of glomerular
cell types in the setting of glomerular damage and inflamma-
tion. For this purpose, we induced defined glomerular injury
through injection of rabbit antibodies that specifically target
the podocyte foot process antigen THSD7A.>” This immu-
nologic model of THSD7A-associated MN” leads to selective
podocyte injury with massive proteinuria within days, and
mimics the pathophysiology of human THSD7A-associated
MN.*® CD45, as an additional marker, was added to the
FACS protocol to remove potential leukocytes adhering to
the endothelium of the perfused glomeruli in inflammation
(Supplemental Figure 12). A UMAP demonstrated separa-
tion of CD45-positive cells from all other cells
(Supplemental Figure 2D). No significant infiltration and
adherence of leukocytes could be detected in this GN model
(Supplemental Figure 13, A and B). Further, the cell-sort
marker expression of Podoplanin, CD31, and CD73 was
mostly preserved in day 7 glomeruli of highly proteinuric
mice (Supplemental Figure 13C), a predisposition for the
successful isolation of podocytes, glomerular endothelial
cells, and mesangial cells. Glomerular cell types were ana-
lyzed for a stress response by qPCR on day 1 after antibody
binding, before development of proteinuria, and on day 7,
when severe podocyte injury and nephrotic syndrome were
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established (Figure 6, A and B). The qPCR analyses demon-
strated significant changes in podocyte gene transcription as
early as day 1 for (I) genes involved in GBM remodeling
(Agrin, a major proteoglycan of the GBM,* laminin chain
Bl [Lambl], laminin chain of the immature/injury remod-
eled GBM*%; Figure 6C); (2) for genes involved in an oxida-
tive stress response (vascular endothelial growth factor a
[Vegfal], involved in angiogenesis and maintenance of the
glomerular endothelium®', and Sod1, detoxifies reactive oxy-
gen radicals*’; Figure 6D); and (3) for genes of key metabolic
enzymes (pyruvate kinase [Pkm], key enzyme of glycolysis*’;
acyl-CoA dehydrogenase, long chain [Acadl], a key enzyme
in B-oxidation of fatty acids**; Figure 6E) in mice exposed
to rabbit THSD7A antibodies (rbTHSD7A-abs) in compari-
son with control rabbit IgG (rbIgG). Importantly, these
changes in gene transcription were not visible upon analyses
of isolated bulk glomeruli on day 1 and day 7, demonstrating
the enhanced sensitivity obtained when performing glomer-
ular cell type-based analyses. Mesangial and glomerular
endothelial cells showed no major alterations in the evalu-
ated transcription levels on day 1 or 7. Strikingly, the
observed gene induction on day 1 was no longer apparent
on day 7 in rbTHSD7A-abs-injected mice. On day 7, all
analyzed transcript levels were repressed in rtbTHSD7A-MN
podocytes in comparison to day 1, and were only slightly
elevated in comparison to day 7 rbIgG-injected control mice
(data not shown), suggesting a specific and acute reaction to
rbTHSD7A-abs on day 1.

We then analyzed the proteome of all three cell types at
day 7 of the tbTHSD7A-MN model. At this time point, mice
were proteinuric and transcriptional differences were mini-
mal between rblgG and rbTHSD7A-MN podocytes. PCA
analyses demonstrated a successful separation of the three
glomerular cell types in control and rbTHSD7A-injected
mice (Figure 7A). In podocytes, 10.8% of all identified pro-
teins were significantly regulated, with 7.2% in mesangial
cells and only 0.6% in glomerular endothelial cells (Figure
7B). Volcano plot analyses also demonstrated regulated pro-
teins in the mesangial cells (Figure 7C), whereas endothelial
cells (Figure 7D) did not demonstrate a significant reaction
to the podocyte-bound rbTHSD7A-abs. In contrast, podo-
cytes depicted a differential loss of the slit diaphragm pro-
teins Nephl (Kirrel) and, to a lesser extent, Nephrin,
whereas foot process proteins remained unchanged in
rbTHSD7A-abs-treated mice (Figure 7E). Western blot vali-
dation in isolated glomeruli confirmed the specific and sig-
nificant loss of THSD7A, Nephrin, and Nephl, whereas the
foot process proteins a-Actinin 4 and Synaptopodin
remained unchanged in rbTHSD7A-abs-treated mice in
comparison with rbIgG control mice. Podocin exhibited a
slight, but not significant, reduction in abundance (Figure
7F). Because THSD7A was described to localize beneath
Nephrin at foot process subdomains, in close proximity to
the slit diaphragm,”” we asked whether THSD7A interacted
with Nephl, located basally from Nephrin at the slit
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diaphragm.*  Super-resolution structured illumination
microscopy showed THSD7A was in close proximity to
Nephl and Nephrin at the human, pig, and murine healthy
GFB (Figure 7G, Supplemental Figure 14A). However, we
were not able to show a direct interaction of the three pro-
teins in unchallenged conditions (Supplemental Figure 14B).
In the setting of experimental murine THSD7A-MN, the dif-
ferential loss of Nephrin and Nephl protein was not solely
attributable to a decrease of slit diaphragm density upon
rbTHSD7A-abs binding to THSD7A (Figure 8A). Notably,
signal intensity of the slit diaphragm marker was disrupted
and decreased in Nephrin and Nephl immunostainings,
whereas the signal for Synaptopodin was preserved, and
even enhanced, at the GFB (Figure 8, B-F, Supplemental
Figure 15). Together, these findings suggest the decreased
Nephrin and Nephl protein levels in rbTHSD7A-MN origi-
nate from a local loss/degradation of both proteins from the
slit diaphragm upon rbTHSD7A autoantibody binding, pos-
sibly representing one pathogenic mechanism in THSD7A-
associated MN (summarized in Figure 8H).

DISCUSSION

The complicated architecture of the kidney hampers the
direct access of susceptible cell types in kidney diseases for
further functional analysis. Here, we established a generaliz-
able method for generating molecular reference profiles of
all kidney glomerular cell types in health and disease. This
FACS-based method, which we propose to name timMEP,
results in the precise isolation of the three glomerular cell
types, as extensively validated by qPCR, proteomic, immu-
noblot, and immunofluorescence analyses. imMEP does not
require the extensive breeding of transgenic reporter mouse
models for subsequent isolation of glomerular cell types,
which saves time, animals, and animal housing costs. There-
fore, timMEP is theoretically amenable to any existing
mouse model and will facilitate and sharpen investigations
of glomerular cell biology in a cell type-specific, cost-
effective, and timely manner. timMEP not only allows the
quantification of transcript and protein levels per bulk tran-
scriptomic, proteomic, and Western blot approaches, but
also allows for the biologically relevant assessment of enzy-
matic activities and of post-translational modifications
of selected proteins. This enables a glomerular cell type-specific
analysis of regulatory events involved in driving glomerular
cell injury.

As a proof of principle, we applied timMEP in the experi-
mental model of THSD7A-associated MN and demonstrated
the advantage of this method in detecting early cell
type-specific changes in mRNA, which were not discernable
upon analysis of whole glomeruli. Further, we used timMEP
in severely nephrotic THSD7A-MN mice to perform cell
type-specific proteomic analyses. These analyses revealed
that endothelial cells were not affected in a murine model of
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MN, whereas mesangial cells exhibited a nonspecific stress
reaction to the podocyte-bound autoantibodies, which
requires further investigation. Importantly, bulk proteomes
from timMEP-isolated podocytes helped discern a specific
reaction of podocytes to the bound THSD7A antibody, a
reaction encompassing the selective loss/degradation of slit
diaphragm proteins, whereas the foot process proteins we
analyzed remained mostly unaffected. To this end, a close
proximity, but no direct interaction, of THSD7A with Neph-
rin and Nephl could be detected in the healthy setting, a sit-
uation that could potentially change after autoantibody
binding to THSD7A, because this antibody-antigen reaction
has been shown to localize at the slit diaphragm in early dis-
ease.”” The precise mechanisms underlying the selective loss
of the slit diaphragm proteins upon THSD7A autoantibody
binding will be studied in future investigations.

Despite multiple advantages, timMEP has limitations. It
depends on (I) successful isolation of glomeruli using mag-
netic beads, (2) successful single-cell suspensions, (3) bind-
ing of the fluorescent-labeled antibodies to glomerular
proteins, and (4) flow sorting. Most of these experimental
factors need to be considered for any kind of single-cell iso-
lation/sample-generating procedure and can be mitigated by
adequate controls and experimental design.*® Of particular
concern for this method are any potential changes in the
binding of the marker antibody. Frequently, glomerular cells
change their proteome and, thereby, their cell type
marker expression in the setting of stress,**” a process often
reflecting a dedifferentiation (especially of podocytes) or
inflammatory activation (especially within endothelial and
mesangial cells) of glomerular cells.*® In addition, proteoly-
sis occurs extracellularly to a large extent.*” Therefore, we
carefully selected glomerular cell type markers, which were
relatively stably expressed by the glomerular cell types in
health and disease. We found that, despite massive protein-
uria and inflammation and a decreased signal for Podopla-
nin in immunofluorescence, sorting was still successful. We
currently do not have evidence that the expression of
these sorting markers is sex dependent. For instance,
CD73 was not different between mesangial cells isolated
from male (mean*SD normalized expression, 4.50%0.30)
versus female (mean®=SEM normalized expression,
4.5338245+0.25) C75BL/6 mice, and we found no observ-
able differences in immunostaining for these markers. Fur-
ther, the numbers of isolated cell types were not sex depen-
dent using these sorting markers. As a potential alternative
strategy, we also provide other cell type markers that could
be used for modified FACS analysis (Supplemental Table 5).

As for any detection technique, there are limits to the
detection of transcripts and proteins in timMEP-isolated
glomerular cell types. The number of isolated podocytes,
mesangial cells, and glomerular endothelial cells per mouse
using timMEDP is sufficient for routine qPCR, transcriptomic,
and proteomic analyses. However, protein analyses of less
abundant proteins will, in some cases, require pooling of
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isolated glomerular cell types from two to four mice to reach
a sufficient protein concentration for the analyses. The effi-
ciency of timMEP is best in mice aged 6-20 weeks, thereaf-
ter, the number of isolated podocytes, mesangial cells, and
glomerular endothelial cells decreases. This might partly be
due to the fact that the efficiency of glomerular isolation
decreases with age, and that the number of glomerular cells
(especially of podocytes) decreases with age.*

Using timMEP, the presented dataset provides, for the
first time, a reference for the proteomes of the three cell
types in the glomerulus. Although we already described the
podocyte proteome,'* this dataset now also covers cell types
that are not easily amenable to single-cell dissociation, such as
mesangial cells. Single-cell transcriptomic data generally have a
large under-representation of mesangial cell capture, as
compared with what is expected on the basis of morphome-
try.”® Analysis of several single-cell datasets revealed that
mesangial cells are not “easily accessible,” given their common
renin lineage (and thus the high chance of misclassification).
Our dataset, in contrast, now provides unambiguous
mRNA and protein-based markers, several of which are novel
markers. These data are also benchmarked against single-
cell transcriptomics datasets derived from glomerular
populations.™

Further, our analyses unraveled a strain- and transgene-
dependent expression of proteins among glomerular cell
types, offering insights into protein machineries among
strains and, possibly, an explanation for the differential sus-
ceptibility of different mouse strains to glomerular disease
models.”'®*! These observations expand descriptions of
strain-dependent composition of the GBM.?> Moreover,
these findings also support the presence of reporter-
associated artifacts in transgenic reporter mice, because the
expression of fluorescent reporters, such as eGFP, consti-
tutes up to 6% of the proteome,'* a fact that could affect dis-
tinct cellular pathways, such as degradation pathways. In
line with this, UCH-L1, a major deubiquitinating enzyme of
the neuronal proteasomal degradation system, was one of
the most differentially regulated proteins between the endo-
thelia of mT/mG and C57BL/6 mice. Further, one should
note that different isolation and analysis techniques might
result in differences in mRNA and protein expression pat-
terns between glomerular cell types. For example, we identi-
fied integrin B3 and its ligand, fibronectin, to be highly
expressed in glomerular endothelial cells by proteomics,
data carefully validated by qPCR and immunofluorescence
in our mouse strains, whereas other publications suggest an
integrin 83 protein expression in cultured podocytes53_56 or
in vivo.”’° Conlflicting evidence also exists on single-cell
RNA sequencing data. One study identified the highest level
of Itgb3 in mesangial cells, and none in epithelial cells of
C57BL/6 mice,”* whereas others found it in endothelial cells
of C57BL/6 mice,®" consistent with our study. The exact
explanation for these conflicting expression data shown for
integrin 83 remains to be elucidated, but could be related to
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strain differences. Also, podocyte-expressed Itgb3 could
have escaped proteomic detection.

The added value, however, is the gain of functional infor-
mation that cannot be gleaned by transcriptomic
approaches. Protein levels do not always reflect transcript
abundances.®” At a complex barrier system such as the filtra-
tion barrier, additional insights can be gained. Here, for
instance, we discovered a loss of Nephrin/Nephl protein in
a model of THSD7A-associated MN. In addition, our results
offered a glimpse into the phosphoproteome. These data
revealed acidophilic phosphorylation motifs in podocytes,
with preference for casein kinases, consistent with previ-
ously reported phosphoproteomics data at the slit dia-
phragm. The phosphorylation motif preference, however,
was different in the other cells. As a caveat, we acknowledge
that phosphatase inhibitors were not included in the initial
dissociation steps of the samples. When increasing depth or
proteomic profiling, ligand-protein interactions, governing
glomerular crosstalk, could be monitored; here, we found
heterogeneous expression of the Ephrin receptor system.

In summary, we present a generalizable and effective
method to isolate native glomerular cell types, which
will enable a widespread and detailed glomerular cell
type-resolved transcriptional and protein-biochemical anal-
ysis to deepen our future understanding of glomerular cell
biology in health and disease.
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Reporter transgene Cell type Ex [A]/ Em [A]

GFP podocytes 488/509

tdTomato all other cells 554/581

Antibody Fluorescent Clone Company | Dilution | Laser Filter

Target Agent

Podoplanin | Phycoerythrin 8.1.1 BioLegend | 1:200 561nm | 582/15
(PE)

CD73 Alexa Fluor TY/11.8 | BioLegend | 1:2000 640nm | 670/30
647

CD31 Brilliant Violet MEC BD 1:800 405nm | 450/50
421 13.3 OptiBuild

CD45 Alexa Fluor 30-F11 BioLegend | 1:100 640nm 730/45
700

Dye Company Dilution Laser Filter

Near-IR fluorescent Invitrogen 1:4000 640nm 780/60

reactive dye

Supplemental table 1: Transgenic reporters, antibodies, and dyes used in the study for
FACS-sort.




Target

Forward Primer Sequence 5°‘ - 3*

Reverse Primer Sequence 5° — 3¢

Agrmn
Aqp4
Cdhb
Fn1
Hk1
Itgb3
Lad1
Lamb1
Nphs2
Ntse
Pdgrfb
Pdpn
Pecam1
Pkm
Scin
Slc12a3
Sicba2
Slc12a1
Scnnia
Sod1
Vegfa

Supplemental table 2: Primers used in the study.

CTAGGGGAATCTCCGGTCCC
CCCGCAGTTATCATGGGAAAC
CGTTGGACTTGATCTTTCCC
CTTGCACGATGATATGGAGA
CGGAATGGGGAGCCTTTGG
GCGCGCGGCGTGAAG
CACAGCCATCCAGAGGTCAG
TCCCCGCTACCTCTCCAGAA
TGACGTTCCCTTTTTCCATC
GCAGCATTCCTGAAGATGCG
TGGTATCACTCCTGGAAGCC
GGGATGAAACGCAGACAACAG
AGCCAACAGCCATTACGGTTA
GCCGCCTGGACATTGACTC
CCAGAATTGTGGAGGTTGACG
CGGGATAATGGCAAGGTCAAGTCG
CGGGATCCACGTAGAGGCAGGCTCTGA
GGCCATGGCAGTGCGGCAGCCG
CGGGATCCCGGCATGATGTACTGGCAG
GGAACCATCCACTTCGAGCA
AATGCTTTCTCCGCTCTGAA

GGCCTCTTAGAGACACCAGC
GAAGGCTTCCTTAAGGCGACG
CGCCAAAAGAGAGACTGGAT
AGCTGAACACTGGGTGCTAT
GCCTTCCTTATCCGTTTCAATGG
CACGCCTCGTGTGGTACAGAT
TCAAAGAGGTGTCGCTTGCT
CCATAGGGCTAGGACACCAAA
AGGAAGCAGATGTCCCAGT
CTCCCGAGTTCCTGGGTAGA
AACAGAAGACAGCGAGGTGG
TTTAGGGCGAGAACCTTCCAG
AGCCTTCCGTTCTCTTGGTG
CCATGAGAGAAATTCAGCCGAG
GCCATTGTTTCGTGGCAGTT
GGAATTCTGATGCGGATGTCATTGATGG
GGAATTCACTTGCTGCACCAGTCCC
GCACTCCTGATTCCCAGGCCTAAAGCTG
GGAATTCGCCTGGCGAGTGTAGGAAG
CTGCACTGGTACAGCCTTGT
GCTTCCTACAGCACAGCAGA



Enriched in podocytes Enriched in mesangial | Enriched in glomerular
cells endothelial cells
Kirrel1 ltga8 Dysf
Enpep Gjad Emcn
Ptpro Lrp1 Tmem?2
Cxadr Mcam Gimap1
Galnt10 Cspg4 Slc43a3
Sdc4 Kdr
Crb2 Tspan7
Itgb5 Ece1
Itm2b PpapZ2a
Cldn5 Lpcat1

Supplemental table 5: Alternative membrane proteins potentially useful for timMEP in
diseased glomeruli. The used FACS-sort markers presented here for timMEP (Podoplanin,
CD73 and CD31) might be altered in specific glomerular disease models. Therefore, we
analyzed our proteomic data for possible alternatives. The presented proteins are enriched in
the respective glomerular cell type and have been annotated to reside on the cellular
membrane. Cell type-specific expression has been verified in the Human Protein Atlas. If an

alternative to our standard targets is needed, this list may serve as a starting point.




A INITIAL gating strategy used for individual mouse glomerular cell type proteomes of
Figures 3, 4, 5), in which the mesangial cell population exhibited a minor contamination
with podocytes. The endothelial and podocyte populations were free of contaminants.

Lol

Podoplanin -

CD31 > CD31 >
B NEw gating strategy for all experiments, with pure mesangial, endothelial and podocyte
populations

LUBMLAAAS . AARIAAA | LA | T

I Live/Dead =
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Podoplanin 2>
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Supplemental figure 1: Comparison of old and new gating strategy. (A) Gating strategy used for
individual mouse proteome investigations in Figures 3, 4, 5 and (B) improved gating strategy removing
podocyte contamination of mesangial cells used for all subsequent experiments.
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Supplemental figure 2: UMAP analysis of FACS-sorted glomerular cells. (A) UMAP plot of
cytometry data recorded during sorting of wildtype cells used for proteomic analyses in this paper.
The plot demonstrates clear clustering of podocytes (PC, red), mesangial (MC, blue) and
endothelial cells (green), respectively. (B) Modified snippet taken from Fig. 1D demonstrating the
differences between the earlier and revised gating strategy. Highlighted in the light red box are cells
that might have caused a slight podocyte contamination in the mesangial cell population. (C) To
further investigate actual contamination, we overlaid these cells (light red box in B) in red on to the
UMAP shown in A. Interestingly, most of those cells reside inside the mesangial cell cluster (blue
dotted ellipse; previously correctly classified as mesangials) with only very few cells residing in the
podocyte cell cluster (red dotted ellipse in A; previously misclassified as mesangials). Furthermore,
the improved gating strategy removed the contamination as there are no mesangials (blue dots) in
the podocyte cluster (red dots) in A. (D) UMAP of cytometry data with additional CD45 gating to
visualize immune cells (violet cluster).
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Supplemental figure 3: Non-labeled FACS sorted glomerular cells express nephron
markers. mRNA was isolated from the non-labeled FACS-sort population (red emboxed
Podoplanin- /CD31- /CD73- cells). Real-time qPCR analysis of this rest cell population for
Slcba2 (encodes for SGLT2), Slc12a1 (encodes for NKCC2), Agp4 (encodes for Aquaporin
4), Slc12a3 (encodes for NCC), and Scnnia (encodes for ENaC) exhibits the expression
of genes specific for tubular cells, thereby representing cells originating from the few tubuli
that contaminated the isolated glomeruli, which are however discarded in the timMEP
gating strategy. ACT values were calculated using 18S as home keeper. AACT values
were calculated as difference between glomerular and non-labeled FACS-sorted cell ACT.
Displayed is the relative expression (RE, 2*(AACT)) of non-labeled FACS-sorted cell types
in percent of the glomerular RE, n = 3 individual mice.
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Supplemental figure 4 Counts of isolated cells were comparable in between gender, species
but not age. Absolute number of podocytes (PC), mesangial (MC), and endothelial cells (EC) FACS-
sorted from the isolated glomerular cells per mouse, mean +/-SEM, n=5-74, pooled data from 18
independent experiments. (A) Empty bars represent cell counts from male C75BL/6 mice, striped
bars from female C75BL/6 mice, all aged 11-14 weeks. (B) Empty bars represent cell counts from
female BALB/c mice, striped bars from female C75BL/6 mice, all aged 11-14 weeks. (C) Empty bars
represent cell counts from young male C75BL/6 mice 11-14 weeks of age, striped bars from old male
C75BL/6 mice aged 61-69 weeks. Mean +/- SD; *p<0.05, **p<0.01, ****p<0.0001 to young male
mice, Mann Whitney U test. Upon ageing, the percentage loss was 49% for endothelials, 72% for
mesangials and 82% for podocytes.
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Supplemental figure 5: Comparison of FACS sort between mT/mG mice and wildtype mice. (A)
Percentage of podocytes, mesangial, and endothelial cells FACS-sorted from the isolated glomerular
cells per mouse and (B) Absolute number of podocytes, mesangial, and endothelial cells FACS-
sorted from the isolated glomerular cells per mouse, mean +/- SD, n > 23, pooled data from 18
independent experiments. Empty bars represent wildtype mice, striped bars mT/mG mice.



Parietal and Tubular Cell Markers
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Supplemental figure 6: FACS sorted glomerular cells are not contaminated with parietal epithelial cells
or tubular cells. (A) Real-time gPCR analysis exhibiting the expression of genes of interest (GOI) specific for
parietal epithelial cells: Lad? (encodes for Ladinin) and Scin (encodes for Scinderin); and specific of tubular cells:
Aqp4 (encodes for Aquaporin 4) and Sic12a3 (encodes for sodium chloride channel NCC). mRNA was isolated
from FACS-sorted podocytes (red bars), mesangial cells (blue bars), endothelial cells (green bars), and from
isolated glomeruli (grey bars) derived from the same individual. ACT values were calculated using 18S as home
keeper. AACT values were calculated as difference between glomerular and FACS-sorted cell type ACT.
Displayed is the relative expression (RE, 2*(AACT)) of FACS-sorted cell types in percent of the glomerular RE.
Note the significant decrease of cell-specific transcripts in the FACS sorted cell-types compared to the
glomerulus, mean +/-SEM, ***p<0.005; ****p<0.0001, n=4, tested for statistical significance with ordinary one-way
ANOVA and Bonferroni’s multiple comparisons test. (B) Glomerular cells from naive BALB/c mice were
separated by timMEP, loaded in a cell number-adapted manner and analyzed for Claudin1 and Nephrin levels by
Western blot. B-Actin served as a loading control, isolated glomeruli from the same mice were loaded as positive
control. Gloms = glomeruli, PCs = podocytes, MCs = mesangial cells, ECs = endothelial cells. The dotted line
separates two different exposure times (indicated in the figure i.e., as 40"'= 40 seconds, 12" = 12 minutes) of the
same membrane as the signal for Nephrin and B-Actin in isolated glomeruli required a shorter exposure than in
timMEP isolated cell types due to the higher protein abundance. Note the very late occurrence of Claudin1 signal
in the glomerular preparations (in relation to Nephrin) since glomeruli were mostly decapsulated and note the
absence of Claudin1 in timMEP isolated podocytes.
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Supplemental figure 7: Tripartite cell type isolation and proteomic analysis from mT/mG
mice. Visualization of significant protein-protein interaction networks in original (green) and linker
(violet) proteins.
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Protein Protein ID Function (PMID)
Hip1r Q9UKY5 Huntingtin-interacting protein 1-related protein; Actin binding protein involved in clathrin mediated endocytosis
P (10613908); Isolog of huntingtin interacting protein (9852681)

Ptpn14 Q62130 Protein tyrosine phosphatase, nonreceptor-type 14; Coimmunoprecipitates with VEGFR3 (136352)

Lrrc1 Q80VQ1 Leucine-rich repeat-containing protein 1; Interacts with DLG1 (601014) and PSD95 (602887)

Cpq QOWVJ3 Carboxypeptidase Q; Has significant glutamate carboxypeptidase activity (10206990)

Cacna2d2 |Q6PHS9 Calcium channel, voltage-dependent, alpha 2/ delta subunit 2; Confers modulation of presynaptic function
(22678293)

D 2 Q80U19 Dishevelled-associated activator of morphogenesis 2; Member of the formin family, regulates actin and cytoskeletal

aam dynamics and cell elongation (22275430)

Galnt10 Q6P9S7 Membrane-bound polypeptide N-acetylgalactosaminyltransferase; Catalyzes the first step in mucin-type O-
glycosylation of peptides in the Golgi (20977886)

Flot2 Q60634 Flotillin 2; Human epidermal surface antigen-1, copurifies with Caveolin-1 (601047)
Nitric oxide synthasae 1 (neuronal) adaptor protein; Inhibition of L-type calcium channels (114205); Regulation of

Noslap  |Q9D3A8 dendrite number (19553464)

Steap3 IAOAOR4J1G9  |Six-transmembrane epithelial antigen of prostate 3/Tsap6; Involved in exosome secretion (18617898)

Mthfd1 Q92208 Methylenetetrahydrofolate deyhdrogenase 1; Mutations associated with combined immunodeficiency and
megaloblastic anemia (27707659) and neuronal tube defects (12384833)

Elmo2 Q8BHL5 Engulfment and cell motility gene 2; Phagocytosis and cell migration (11595183)

Hint1 P70349 Histidine triad nucleotide binding protein 1/PKCI1; Interacts with PKC-beta, Mutations associated with axonal

neuropathy and neuromyotonia (22961002)

Supplemental figure 8: Identification of new podocyte enriched proteins. To identify new podocyte
enriched proteins, glomerular cell types proteome lists of individual mice were compared. For the
comparisons we defined 1) a Student t-test difference cut-off of log2-fold change of 2 between podocytes
and non-podocytes, 2) a negative search result in pubmed (https://www.ncbi.nim.nih.gov/pubmed; i.e.,
with the keywords “protein of interest” and “podocyte”) and 3) a validated podocyte expression pattern in
the human protein atlas (https://www.proteinatlas.org/search), from which the histological micrographs
are taken from. The table very briefly summarizes what is known for the identified proteins in other non-
glomerular cell types, PMID = pub med identification number.



Protein Protein ID Function (PMID)

Collagen, type VI, alpha 2; Integrity of muscle fibres (9817932); Mutations associated with muscle dystrophy
(12840783) and myopathy (8782832)

Calcium channel, voltage-dependent, alpha 2/ delta subunit 1; Alters properties of the pore-forming alpha 1 subunit of
voltage gated calcium channels (10534405, 17088553)

Lmo7 F6VG99 Lim domain only 7; Involved in protein-protein interactions, shuttles between cytoplasm and nucleus (17067998)

Septin 4; Polymerizing GTP-binding protine that scaffolds molecules beneath the plasma membrane; Colocalizes with
alpha-synuclein in Lewy bodies (15737930; 17296554)

Lrp1 AOAOR4J0I9 |Low density lipoprotein receptor related protein 1; Interacts and traffics with APP (15749709)

Filamin-binding LIM protein 1; Localizes to cell-ECM adhesions, associates with actin filaments and is essential for cell
shape modulation (12679033)

Zyxin; Phosphoprotein concentrated at adhesion plaques and along actin filament bundles near where they insert at

Col6a2 Q02788

Cacna2d1 (008532

Sept4 P28661

Fblim1 Q71FD7

Zyx 262523 the adhesion plaques (8940160)
Csrpl P97315 Cysteine- and glycine-rich protein 1; Highly conserved, cell cycle regulated gene induced in the immediate early
P response to serum repletion in serum-starved noncycling cells (1385304)
Fhi1 A2AEXS Four-and-a-half LIM domains 1; Mutations associated with faciocardiomusculoskeletal syndrome (11102932), X-linked
myopathy (18274675)
Plcl1 Q3USB7 Phospholipase C-like 1; Negative regulation of bone formation (21757756)
Ctsz Q9WUU7 Cathepsin Z; member of papain family of cystein proteinases (9642240)
Sorbs1 Q62417 Sorbin and SH3-domains containing protein 1; Required for insulin-stimulated GLUT4 translocation (11309621)
L Q8BFW?7 LIM domain -containing preferred translocation partner in lipoma; Most frequent translocation partner of HMGA2 in a
PP subgroup of lipomas (15755872)
Trip6 Q9Z1Y4 Thyroid hormone receptor interactor 6; Contains 2 LIM domains (601329) and is similar to zyxin (602002)
Isyna1 Q9JHU9 zgzglj‘-phosphate synthase 1; Component of plasma membrane phospholipids and functions as a cell signaling

Specc1 IAOAOJIYTUS3 |Sperm antigen with calponin homology and coiled-coil domains 1; Function in head and neck tumors (22170762)

Supplemental figure 9: ldentification of new mesangial cell enriched proteins. To identify new
mesangial cell enriched proteins, glomerular cell types proteome lists of individual mice were compared. For
the comparisons we defined 1) a Student t-test difference cut-off of log2-fold change of 2 between
mesangial cells and non-mesangial cells, 2) a negative search result in pubmed
(https://www.ncbi.nlm.nih.gov/pubmed; i.e., with the keywords “protein of interest” and “mesangial”) and 3) a
validated mesangial expression pattern in the human protein atlas (https://www.proteinatlas.org/search),
from which the histological micrographs are taken from. The table very briefly summarizes what is known for
the identified proteins in other non-glomerular cell types, PMID = pub med identification number.
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Protein Protein ID Function (PMID)
Gimap4 Q99JY3 GTPase, Immunity-associated protein 4; IFNg secretion regulation from T cells (25287446), regulation of T cell survival (16569770)
Shank3 Q4ACUG SH3 and multiple ankyrin repeat domains 3; Scaffolding protein enriched in postsynaptic densities of excitory synapses (26966193)

LIM and calponin homology domains-containing protein 1; Actin stress fibre-associated protein that regulates nonmuscle myosin Il

. Ll (MYH9) activity (28338547)
Pdias Q921X9 Protein disulfide isomerase family A, member 5; ER-resident protein that catalyzes oxidation, reduction, and isomerization of protein
disulfide bonds which accelerates protein folding (24636989)

Gimap8 Q75N62 GTPase, Immunity-associated protein 8; Regulator of lymphocyte survival and homeostasis (23454188)

Gimap1 Q3TFI6 GTPase, Immunity-associated protein 1; Survival of peripheral T cells (287792288) and B cells (26621859)

Mall E9Q3B9 [Monoglyceride lipase; Functions together with hormone sensitive lipase to hydrolyze intracellular triglycerides stores to fatty acids and
9 glycerol (11470505)

Sncg Q9ZOF7 Synuclei gamma; Highly expressed in neurons, correlation of overexpression and breastcancer progression (10813729)

Homer3 Q99JP6 [Homer scaffold protein 3; Cytoplasmic scaffolding protein that binds to metabotropic glutamate receptors (9069287) and interacts with

Shank (19345194)

Cmpk2 Q3usQ7 Cytidine monophosphate kinase 2; Mitochondrial UMP-CMP kinase component of the salvage pathway for nucleotide synthesis
(17999954)

Dovsi3 E9PWES Dihydropyrimidinase-like 3; Role in neurite and axonal outgrowth (23568759), modulates mitosis migration and epithelial to

pys mesenchymal transition (30498031)

Stom P54116 Stomatin; Modulates activity of anion exchanger 1(28387307), tumor suppressor (31949395) and enhancer of cell fusion when
associated with lipid rafts (27663861)

Tspan? Q3UHG5 Tetraspanin 7; Contributes to molecular complexes that include b1-integrin (10655063), TSPN7 autoantibodies in diabetes type 1
(27221092)

Lrrc8c Q8R502 Leucine-rich repeat-containing protein 8C; B cell development (15094057) and adipocyte differentiation (15184384)

Sfxn3 Q91V61 Sideroflexin 3; Mitochondrial serine transporter (30442778), a-synuclein dependent that regulates synaptic morphology (28049716)

Taob Q3TCUS Tap-binding protein; Type 1 transmembrane protein encoded by an MHC-linked gene (8769474) in the ER, edits peptide loading onto

pop MHC1 (32167472)

Rcsd1 Q3UZA1 RCSD domain-containing protein 1; Interacts with F-actin capping protein Capz (601580)

Snrpd3 P62320 Small nuclear ribonucleoprotein polypeptide D3; Part of snRNP core
IARF GTPase-activating protein with SH3 domain, ankyrin repeat and PH domain 1; Coordinates actin and membrane remodeling

Asap1 H3BL41
(25774636)

Cdc42ep1 Q91W92 CDC42 effector protein 1; Mediates actin cytoskeletal reorganization at the plasma membrane (10430899)

Endod1 Q8C522 [Endonuclease domain-containing 1; Tumor suppressor in prostate cancer (28532481)

Secretory carrier membrane protein 2; Regulates cell membrane targeting of NHES (19276089) and NKCC2 (21205824), role in granule

Scamp2  [Q9ERNO oxocytosis (12475951)

Gimap4 Q99JY3 GTPase, Immunity-associated protein 4; IFNg secretion regulation from T cells (25287446), regulation of T cell survival (16569770)

Supplemental figure 10: ldentification of new glomerular endothelial cell enriched proteins. To
identify new glomerular endothelial cell enriched proteins, glomerular cell types proteome lists of individual
mice were compared. For the comparisons we defined 1 a Student t-test difference cut-off of log2-fold
change of 2 between endothelial cells and non-endothelial cells, 2) a negative search result in pubmed
(https://www.ncbi.nlm.nih.gov/pubmed; i.e., with the keywords “protein of interest” and “endothelial”) and 3)
a validated glomerular endothelial expression pattern in  the human protein atlas
(https://www.proteinatlas.org/search), from which the histological micrographs are taken from. The table
very briefly summarizes what is known for the identified proteins in other non-glomerular cell types, PMID =
pub med identification number.
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Supplemental Figure 11: Integrin-3 and its ligand Fibronectin 1 are predominantly expressed
on glomerular endothelial cells. (A) Heatmap showing euclidean distance clustering of single-
mouse single shot proteomics results of Integrins in timMEP isolated glomerular cell-types of mT/mG
mice. (B) Integrin-B3 (/tgb3) and Fibronectin (Fn7) transcript levels were quantified in FACS sorted
glomerular cells relative to total glomeruli transcript levels in untreated BALB/c mice. Values are
expressed as mean +/-SEM, N = 10 per group, ***p<0.001 and ****p<0.0001 to podocytes (PC),
One Way ANOVA, Bonferroni’'s multiple comparison test. MC = mesangial cells, EC = glomerular
endothelial cells. (C) Representative high-resolution confocal microscopy of Integrin-g3 (green)
expression in a BALB/c glomerulus in combination with THSD7A (red) to demarcate the podocyte
foot processes and DNA (blue). Arrows point towards Integrin-3 expression in endothelial cells, pc =
podocyte, pec = parietal epithelial cell.
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Supplemental figure 12: Gating strategy used for the separation of glomerular cell types in the
mouse model of anti-THSD7A membranous nephropathy. Individual mouse FACS plots are shown of a
(A) unspecific rabbit IgG injected control mouse on day 7 and (B) a nephrotic anti-THSD7A-antibody
injected mouse on day 7. CD45 was added to the FACS panel to remove potential contaminating
leukocytes in the setting of glomerulonephritis.
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Supplemental figure 13: Leukocytes are not increased in glomeruli in the setting of experimental
THSD7A-associated membranous nephropathy. Experimental THSD7A membranous nephropathy was
induced by injection of rabbit-anti-THSD7A antibodies or unspecific control rabbit IgG to male BALB/c mice
and analyzed on day 1 and 7. (A) Representative FACS plots for CD45 at day 1 and day 7. (B)
Quantification of CD45+ leukocytes in % of all living glomerular single cells on day 1 and day 7. (C)
Confocal micrographs depicting labeled podocytes (Podoplanin, red), endothelial cells (CD31, green) and
mesangial cells (CD73, blue) in a 4% PFA fixed frozen section of a murine kidney, DNA was visualized
using Hoechst, pc = podocyte, mc = mesangial cell, ec = endothelial cell.
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Supplemental figure 14: THSD7A localizes closely to the slit diaphragm proteins Neph1 and
Nephrin but does not directly interact under native conditions. (A) Paraffin sections from healthy
human, mouse, and pig kidneys were stained for THSD7A (gt-Cy3), Neph1 (rb-Cy2), and Nephrin (gp-Cy5)
and analyzed for proximity by SR-SIM high-resolution microscopy. Note the close proximity of all three
proteins in the frontal plane of the glomerular filtration barrier. (B) Glomeruli were isolated from native pig
kidneys by sieving. Guinea pig (gp)-Nephrin, gp-Neph1 and gp-Synaptopodin (as negative control)
antibodies were used for immunoprecipitation. Western blot detection was performed with rabbit (rb)-
THSD7A, rb-Nephrin, rb-Neph1 and rb-Synaptopodin antibodies; two exposure times are shown for
THSD7A (middle panel: short exposure time, lower panel: long exposure time); IN = input, FT = flow
through, W5 = wash 5, EL = elution, B = beads only as an additional negative control. Note the successful
immunoprecipitation of Neph1, Nephrin and Synaptopodin from pig glomeruli. A band at 250 kDa at the
height of THSD7A is seen in all three elutions, however also in the bead only control and in the
presumable Synaptopodin negative control, suggesting a non-specific co-precipitation of THSD7A.
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Supplemental figure 15: Differential loss of podocyte proteins in experimental THSD7A-associated
membranous nephropathy. Experimental THSD7A membranous nephropathy was induced by injection
of rabbit-anti-THSD7A antibodies or unspecific control rabbit IgG to male BALB/c mice and analyzed on
day 7 by SR-SIM high-resolution microscopy. (A) Co-staining of Nephrin (green) and THSD7A (red), (B)
co-staining of Synaptopodin (green) and THSD7A (red), (C) co-staining of Neph1 (green) and THSD7A

(red).




2. Dissertation

2.1. Einleitung

2.1.1. Anatomie der Niere und des Nierenkdrperchens

Die Niere ist ein zentrales Organ des Menschen mit einer Fulle an Aufgaben, darunter
die Regulierung des Blutdruckes und die Filtration des Blutes. Makroskopisch unterteilt
sich die Niere in die Rinde, das Mark und das Nierenbeckenkelchsystem. Die kleinste
funktionelle Einheit der Niere ist das Nephron. Das Nephron setzt sich aus dem
Nierenkorperchen und dem Nierentubulus zusammen. Das Nierenkorperchen liegt in
der Nierenrinde und besteht aus zwei Bestandteilen: einer Kapillarschlinge,
Glomerulus genannt, und der sie umgebenden Bowman-Kapsel.(Deetjen and
Alzheimer, 2005, p. 516; Klinke et al., 2010, p. 330).

Die Filtration des Blutes findet in zwei Phasen statt: der Bildung von Primarharn in den
Glomeruli sowie der Resorption von Wasser und Elektrolyten und damit der
gleichzeitigen Aufkonzentrierung des Harns im tubularen System. Innerhalb der
Glomeruli findet die Primarfiltration des Blutes an einer einzigartigen anatomischen
Struktur statt - der glomerularen Filtrationsbarriere.(Klinke et al., 2010, p. 340)

Die glomerulare Filtrationsbarriere setzt sich aus drei Schichten zusammen: dem
Endothel der Kapillaren, der Basalmembran und der Schlitzmembran. Das Endothel
ist fenestriert, das heil’t es formt Aussparungen zwischen den Zellen die Poren bilden,
durch die das Blutplasma, nicht aber die korpuskuldaren Anteile des Blutes
hindurchtreten konnen.(Klinke et al., 2010, p. 340) Darauffolgend liegt zwischen dem
Endothel und den Podozyten eine Basalmembran, welche durch ihre negative Ladung
den groften Teil der EiweilRe zurickhalt.(Klinke et al., 2010, p. 343) Die letzte Schicht
formt die von den Podozyten gebildete Schlitzmembran,(Herwig et al., 2019;
Kocylowski et al., 2022) bevor der nun proteinarme Primarharn in den Bowman-
Kapselraum und kurz darauf in das tubulare System weiterstromt.

Das Glomerulus besteht aus einem Kapillarknauel des bereits erwahnten
fenestrierten Endothels und den Podozyten, welche als hochdifferenzierte viszerale
Epithelzellen die Gegenseite des Kapillarknauels und damit die Innenseite des
Bowman-Kapselraumes auskleiden. Zwischen den Schlingen der Kapillaren befinden
sich die Mesangialzellen.(Deetjen and Alzheimer, 2005, p. 516; Klinke et al., 2010, p.
330)
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Abbildung 1: Langsschnitt einer menschlichen Niere. Die Filtration des Primarharns
erfolgt in den Nierenkdrperchen, welche sich im Nierenkortex befinden.
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Abbildung 2: Schematische Darstellung eines Nierenkdrperchens. Links: Blick auf
das Nierenkorperchen. Mitte: Langsschnitt durch das Nierenkorperchen mit
Darstellung der raumlichen Beziehung von Mesangium, Endothel und Podozyten.
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Rechts: Filtrationsbarriere bestehend aus dem Endothel und den Podozyten und der
dazwischenliegenden glomerularen Basalmembran.

2.1.2. Die Zellen des Glomerulus

2.1.2.1. Podozyten

Die Podozyten bilden das viszerale Blatt der Bowman-Kapsel und spannen sich Uber
den kompletten primarharnseitigen Glomerulus. Sie besitzen eine charakteristische
morphologische Struktur: Aus dem Zellkorper gehen Primarfortsatze hervor, aus
denen wiederum Sekundarfortsatze (Fuldfortsatze) entspringen, welche sich mit den
Sekundarfortsatzen benachbarter Podozyten verzahnen. Dabei lassen sie eine Lucke
von circa 30 - 40 Nanometer, wodurch ein physikalischer Filter entsteht. Im
Interzellularraum zwischen den Fortsatzen befindet sich eine zweischichtig
organisierte Struktur: die Schlitzmembran. Sie wird durch verschiedene Proteine
gebildet, unter anderem Nephrin und Podocin, die auf bzw. an der
Extrazellularmembran der Ful¥fortsatze Ilokalisiert sind und dem jeweils
gegenuberliegenden Ful¥fortsatz entgegenragen. Die Schlitzmembran erfullt mehrere
Aufgaben: Sie ist ein makromolekularer Filter, sie dient als Anker des Filters in der
Basalmembran und ist dariber hinaus auch ein Signalkomplex, der die Plastizitat der
Fuldfortsatze reguliert.(Butt et al., 2020; Kocylowski et al., 2022)

2.1.2.2. Mesangialzellen

Der Raum zwischen den Kapillaren wird von Mesangialzellen und ihrer
Extrazellularmatrix ausgefullt. Durch Kontraktion und Relaxation sind diese Zellen in
der Lage, die strukturelle Integritat des Kapillarknduels aufrecht zu erhalten und
konnen daruber hinaus die Wandspannung der Kapillaren regulieren.(Kurihara and
Sakai, 2017; Welsch and Sobotta, 2009, p. 456)

2.1.2.3. Endothelzellen

Endothelzellen bilden die Gefallwande im gesamten Korper aus. Die Endothelzellen
des Kapillarknauels des Glomerulus gehoren einer besonderen Unterart an: dem
fenestrierten Endothel. Die Zellen bilden unvollstandige Zell-zu-Zell-Verbindungen
aus, wodurch Poren in den Gefallwanden entstehen. Die Poren des Endothels messen
zirka 70-100 Nanometer und sind zu klein fur den Durchtritt der zellularen Bestandteile
des Blutes.(Welsch and Sobotta, 2009, p. 456)

2.1.3. Podozyten, Mesangial- und Endothelzellen im Kontext glomerularer
Pathologien

Der Funktionsverlust eines einzigen dieser Zelltypen kann in dem Verlust der Filtration
des Glomerulus resultieren, was sich durch Proteinurie auf3ert. Sind zu viele Glomeruli
der Nieren betroffen, resultiert klinisch das nephrotische Syndrom.

Die Feststellung, dass bereits der Verlust einer Zellart genugt, um Proteinurie zu
verursachen, fuhrte zu der Hypothese, dass die glomerularen Zellarten untereinander
kommunizieren.(Dimke et al., 2015) In-silico Auswertungen von transcriptomics
Studien unterstreichen die Hypothese einer interzellularen Kommunikation im
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Glomerulus, welche jedoch bisher experimentell nur schwer evaluiert werden konnte.
Ursachlich dafur ist eine fur proteinbiochemische Untersuchungen bendtigte grolie
Zellzahl der glomerularen Zellarten.

Daher musste ein umfassenderer Ansatz die Gewinnung von grofien Mengen an
glomerularen Zellen aus demselben Individuum ermoglichen, die fur beliebige
weiterfUhrende molekularbiologische Untersuchungen genutzt werden konnen.

Die Entwicklung der beads-gestutzten Glomerulusisolation durch Takemoto et al.
ermoglichte die Erforschung glomerularer Erkrankungen in bis dato unerreichtem
Malstab.(Takemoto et al., 2002) Diese Methodik wurde soweit verfeinert, dass die
Isolation von Podozyten aus Glomeruli moglich wurde, solange dafur bestimmte
transgene Mause genutzt wurden.(Boerries et al., 2013; Wanner et al., 2014) Diese
Reportermause exprimieren zellspezifisch die fluoreszenten Proteine tandem-dimer-
tomato (tdTomato) und enhanced green-fluorescent protein (eGFP), die es
ermaoglichen, die Zellen in einem fluoresence-activated cell sorter (FACS) voneinander
zu trennen. Der Gruppe um Wanner et al. gelang es mithilfe dieser mT/mG
(membrane-targeted tdTomato/membrane-targeted eGFP) Mause (Muzumdar et al.,
2007), die eGPF-exprimierenden Podozyten von allen restlichen tdTomato-
exprimierenden Zellen nach der Herauslosung aus den Glomeruli in einem FACS zu
sortieren. Erstmals konnten hoch aufgelGste transriptomics-Studien an Podozyten
durchgefuhrt werden.(Wanner et al., 2014)

Die Anwendbarkeit dieser Methode ist jedoch begrenzt. Sie ist von der Nutzung
transgener Tiere abhangig, die allein durch die Expression der fluoreszenten Proteine
zwangslaufig ein verandertes Proteom besitzen. Ferner erlaubt sie nur die
Unterscheidung zwischen Podozyten und Nicht-Podozyten, sodass sich Effekte
zwischen Mesangial- und Endothelzellen nachfolgenden Untersuchungen entziehen.
Um diese Zellen gezielt untersuchen zu kénnen, mussten Mause neu gekreuzt und
gezuchtet werden, ein teurer und zeitaufwendiger Prozess.

2.1.4. Das Ziel meiner Arbeit

Das Ziel meiner Arbeit war die Entwicklung einer universellen Methode zur Isolation
muriner glomerularer Zellarten aus beliebigen Mausen. Mit der Methode sollten
Zellarten in grofder Zahl gewonnen werden konnen, um beliebige weiterfuhrende
Untersuchungen durchfuhren zu konnen. Ein Gelingen wirde Untersuchungen von
Podozyten, Mesangial- und Endothelzellen beliebiger Mausmodelle in einem bisher
unerreichten Detailgrad erlauben.

2.2. Ergebnisse

2.2.1. Arbeitshypothese

Die zentrale Technologie zum Trennen verschiedener Zelltypen in Zellsuspensionen
ist das FACS, mit dem fluoreszierende Zellen voneinander unterschieden und sortiert
werden konnen. In Wildtyp Mausen exprimiert jedoch kein glomerularer Zelltyp
Fluorochrome, sodass die Zellen manuell anhand Fluorochrom-gekoppelter Antikorper
markiert werden mussen. Wir nutzen fluorochrom-gekoppelte spezifische Antikorper
gegen spezifische Oberflachenproteine der drei Zelltypen, um sie in
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Einzelzellsuspensionen gezielt markieren und mit Hilfe des FACS effektiv voneinander
trennen zu konnen.

Auf Grundlage dieser Hypothese haben wir den Versuchsaufbau wie folgt erarbeitet:

1. Entnahme frischer Mausenieren und Perfusion dieser mit magnetischen Beads.

2. lIsolation der grotmoglichen Zahl an Glomeruli unter Nutzung magnetischer
Beads.

3. Auflosung der Glomeruli durch Trennung der Zellen voneinander, um eine
Einzelzellsuspension zu schaffen.

4. Markierung der Zellen in der Suspension mit zelltyp-spezifischen
fluoreszenzgekoppelten Antikorpern.

5. Sortierung der Zellen in drei reine Zellsuspensionen durch Nutzung eines
FACS.

Die Methode wurde von uns ,tripartite isolation method for murine mesangial and
endothelial cells and podocytes®, kurz timMEP, getauft.

. FACS
~lCy

Abbildung 3: Schematischer Ablauf von timMEP. lllustrative Darstellung von Nieren,
Glomeruli, Podozyten (rot), Mesangialzellen (blau) und Endothelzellen (grin) 1)
Entnahme frischer Mausenieren. 2) Glomerulare Isolation aus den Nieren. 3)
Auftrennung der Glomeruli in die zellularen Bestandteile. 4) Markierung der Zellen mit
zelltyp-spezifischen fluoreszenzgekoppelten Antikrpern. §) Trennung der Zellen in
einem FACS.

2.2.2. Tiere

Eines der Ziele meiner Arbeit ist es, die Methode universell an beliebigen Mausen
anwenden zu konnen, vom gesunden Wildtyp, Uber transgene Reportermause, bis hin
zu kranken Tieren. Um den Fortschritt meiner Experimente besser beurteilen zu
konnen und Vergleichbarkeit zu schaffen, nutzten wir neben Wildtypmausstammen
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BALB/c und C57BL/6 auch die bereits beschriebenen transgenen mT/mG Mause. Der
Zellisolationsprozess ist fur die drei Mausspezies gleich, jedoch unterscheiden sich die
genutzten Fluorochrome und Gatingstrategien, da nur die mT/mG Mause eigene
Fluorochrome exprimieren, die als Marker genutzt werden kdnnen. Das erlaubt es, die
aus den Experimenten resultierenden Zellen auch ohne erfolgreiche Markierung mit
Antikorpern in einem Durchflusszytometer analysieren zu konnen.

2.2.3. Isolation von Glomeruli

Die Isolation muriner Glomeruli war bereits bei meiner Ankunft im Labor von
Professorin Catherine Meyer-Schwesinger eine fest etablierte, verfeinerte Version der
von Takemoto eingefuhrten, beads-gestutzten Extraktion. Bei Beads handelt es sich
um kleinste, magnetisierbare Metallkugeln. Die Tiere wurden euthanasiert, ihre Nieren
entnommen und mit einer Feinnadel arteriell mit magnetischen Beads perfundiert. Die
Beads sind klein genug, um bis in die Kapillarschlingen der Glomeruli zu gelangen,
gleichzeitig jedoch zu grof3, um diese passieren zu konnen, sodass sie sich in den
Glomeruli anreichern. Danach folgt die mechanische Zerkleinerung der Nieren, eine
Inkubation in Kollagenase 1A und DNase 1 und eine weitere mechanische
Zerkleinerung durch Siebe. SchlieBlich werden die Proben an einem Magneten
wiederholt gewaschen, bis nur noch die mit Beads angereicherten und damit
magnetisierten Glomeruli am Magneten verbleiben. Wahrend der Isolation geht die
Bowmankapsel verloren, sodass nur der Verband des Kapillarknauels, bestehend aus
den Podozyten, Mesangialzellen und Endothelzellen, verbleibt.

2.2.4. Entwicklung eines Protokolls zur Losung glomerularer Zellen aus ihrem
Verband

Eine signifikante Hurde ergab sich aus der Feststellung, dass der enzymatische
Verdau zum Herauslosen der Zellen, wie sie Boerries et al. und Wanner et al.
verwendeten, fur unseren Ansatz nicht nutzbar war.(Boerries et al., 2013; Wanner et
al., 2014) Wir entdeckten schnell, dass die Pronase E (Sigma P6911), die von den
Autoren genutzt wurde, membranstandige Proteine - und damit potenzielle Ziele fur
die Markierung mit Antikorpern - entfernte. Ein Grol3teil meiner Arbeit verbrachte ich
damit, Proteine zu recherchieren, die zwischen den drei Zelltypen einzigartig und
extrazellular membranstandig waren. Gleichzeitig fuhrte ich systematische
Experimente diverser proteolytischer Enzyme in verschiedenen Kombinationen,
Konzentrationen und Inkubationsprotokollen durch, um einen Weg zu finden, die
grolRtmogliche Menge an Zellen aus Glomeruli herauszuldsen, ohne ihre spezifischen
Oberflachenmolekule zu entfernen. Letztendlich erwies sich die Kombination aus dem
Praparat Liberase TL von Sigma Aldrich Fine Chemicals Biosciences sowie DNase 1
und den Oberflachenmolekulen Podoplanin, CD73 und CD31 als erfolgreich.

2.2.4.1. Podoplanin

Podoplanin ist ein 43 Kilodalton schweres und aus 162 Aminosauren bestehendes
membranstandiges Glykoprotein. Es findet sich auf Endothelzellen lymphatischer
GefalRe, auf Typ-1 Pneumozyten, sowie in Nierenkorperchen auf Podozyten und
parietal-epithelialen Zellen der Bowman-Kapsel. (Breiteneder-Geleff et al., 1997,
Ugorski et al., 2016) Uber die physiologische Funktion des Proteins ist wenig bekannt,
jedoch wurden abnormale embryonale Entwicklungen von Herz und Lunge in Knock-
out Mausen festgestellt. In Podozyten wird eine Regulierung der Form der
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Fulfortsatze durch Podoplanin vermutet.(Ugorski et al., 2016) Auf der Membran der
Podozyten ist Podoplanin in etwa zu 90% auf der luminalen Seite lokalisiert, also nicht
in direkter raumlicher Beziehung zur Basalmembran.(Breiteneder-Geleff et al., 1997)
Durch seine kraftige Expression auf der Podozytenmembran und der Tatsache, dass
die Bowmankapsel und damit die andere podoplanintragende Zellgruppe im
Nierenkorperchen wahrend der Isolation der Glomeruli verloren geht, bietet es sich als
Ziel fur die spezifische Farbung der Podozyten an.

2.2.4.2.CD73

Die ecto-5‘-nulceosidase ist ein extrazellulares, an der Membran lokalisiertes Enzym,
welches Andenosinmonophosphat hydrolysiert und die extrazellulare Konzentration
von Adenosin reguliert.(Scaletti et al., 2021) Innerhalb des Glomerulus kommt es nur
auf der Oberflache von Mesangialzellen vor, daher eignet es sich als Ziel fur eine
spezifische Farbung.

2.2.4.3. CD31

Das 130 Kilodalton schwere Platelet/endothelial cell adhesion molecule-1 (PECAM-1)
wurde in den 1980er Jahren von mehreren Gruppen unter verschiedenen Namen
entdeckt und beschrieben. Heute wird es als PECAM-1 oder CD31 bezeichnet. Neben
seiner Expression auf Leukozyten und Thrombozyten findet sich CD31 konzentriert an
den Zell-Zell-Verbindungen von Endothelzellen und ist an der Regulation der
Gefalipermeabilitat beteiligt.(Lertkiatmongkol et al., 2016) Bereits als zuverlassiger
Marker fur Endothelzellen etabliert, eignet es sich auch zur gezielten Farbung der
glomerularen Endothelzellen.

~
L e
P
Dy P8
" @
\ & 2
| & \\%
w a
9
., P 7 \-\
L -
S A \
J — \
~ 1
. ) 5 (
(
( /

Abbildung 4: lllustration der vorgesagten Strukturen der murinen Proteine (v.l.n.r.)
Podoplanin, CD73 und CD31 durch AlphaFold2 (Jumper et al., 2021). Diese Proteine
sind die Antigene, die fur die zellspezifische Markierung mit fluorochrom-gekoppelten
Antikorpern genutzt werden. Podoplanin wird von den drei Zelltypen spezifisch von
Podozyten exprimiert, sowie CD73 von Mesangialzellen und CD31 von
Endothelzellen.
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2.2.5. Zellen sortieren

Nachdem ein Inkubationsprotokoll gefunden war, mit dem sich glomerulare Zellen in
ausreichender Zahl mit intaktem molekularen Oberflachenbesatz isolieren lie3en, war
es im Weiteren unkompliziert, die Konzentrationen der Antikorper fur die Farbung zu
optimieren. Genutzt werden jeweils eine spezifische Farbe pro Zelltyp sowie ein
Marker fur tote Zellen, sodass schlie3lich vier verschiedene Farbspektren zum Einsatz
kommen. Eine Variation findet sich hier fur die mT/mG Zellen, die keine dedizierte
Podozytenfarbung bendtigten. Zusammen mit dem Forward- und Sidewardscattering
wurde sichergestellt, dass nur lebendige Einzelzellen sortiert wurden. Tote oder nicht
vollstandig getrennte Zellen wurden von der Sortierung ausgeschlossen.
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Abbildung 5: Gatingstrategien fur die Sortierung glomerularer Zellen far mT/mG
Mause (C) und Wildtyp Mause (D). Die obere Reihe enthalt jeweils die Sequenz an
Gates, die nur lebendige Einzelzellen fur die weitere Sortierung zulasst. C: Die
Podozyten (PC) der mT/mG Mause exprimieren eGFP und kdnnen direkt identifiziert
werden. Uber Markierung der Mesangialzellen (MC) und Endothelzellen (E) mit
spezifischen Antikorpern konnen diese in einem weiteren Schritt voneinander getrennt
werden. D: Alle 3 Zelltypen werden mit jeweils spezifischen Antikdrpern markiert und
gegeneinander gegated, sodass nur Zellen sortiert werden, die positiv fir genau einen
Marker sind.

2.2.6. Reinheit isolierter Zellpopulationen

Die Reinheit der isolierten Zellpopulationen wurde vielfach mit folgenden Methoden
Uberpraft.

2.2.6.1. Konfokale Mikroskopie

Um die isolierten Zellen bildlich darstellen zu kénnen, haben wir Zellen ausgesat,
kultiviert, fixiert, Zellstrukturen (Glykokalyix mit Wheat Germ Agglutinin, Aktin
Filamente mit Phalloidin und Zellkerne mit Hoechst) gefarbt und in einem konfokalen
Mikroskop betrachtet (siehe Abbildung 6). In der Podozytenpopulation lieRen sich
Zellen mit typischen Primar- und Sekundarfortsatzen sowie kortikal betontem Aktin-
Zytoskelett darstellen. In der Mesangialzellpopulation fanden wir Zellen mit vielen
kleinen, radiar ausstrahlenden Fortsatzen, vereinbar mit einer Zelle, die die Struktur
ihrer Umgebung durch gezielte Kontraktion und Relaxation reguliert. Die
Endothelzellen hingegen zeigten sich als kleine, zytosolarme, rundliche Zellen ohne
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besondere Merkmale, was ebenfalls Sinn ergab, da sich ihre fenestrierte Struktur erst
im Verbund mit anderen Zellen ergeben kann.

mesangial cell

podocyte

endothelial cell

WGA DNA

Abbildung 6: Konfokale Mikroskopien isolierter, sortierter und kultivierter (v.l.n.r.)
Podozyten, Mesangialzellen und Endothelzellen.

2.2.6.2. Quantitative polymerase chain reaction

Um die Reinheit der Zellpopulationen quantitativ erfassen zu konnen, habe ich die
MRNA der Zellen isoliert, in cDNA umgeschrieben und die Transkription
zellspezifischer Proteine aller Zelltypen in allen Proben in der gPCR quantifiziert. Die
Gene Nphs2 und Pdpn, kodierend fur die Proteine Podocin und Podoplanin, wurden
als Marker fur Podozyten genutzt. Die Marker fur Mesangialzellen waren Pdgfrb und
Cd73, kodierend fur die gleichnamigen Proteine. Letztlich wurden die Gene Cdh5 und
Pecam1 als Marker fur Endothelzellen genutzt, welche die Proteine VE-Cadherin und
CD31 kodieren. Die gPCR zeigte eine deutliche Anreicherung der Proteine in ihren
jeweiligen spezifischen sortierten Zellpopulationen. Zusatzlich habe ich die Proben auf
eine mogliche Kontamination durch parietale epitheliale Zellen und Tubuluszellen
uberpruft und konnte diese ausschlie3en.(Hatje et al., 2021, supplement 6)
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Abbildung 7: gPCR von jeweils zwei zelltyp-spezifischen Genen der sortierten Zellen.
Hier zeigt sich eine vermehrte Expression der
entsprechenden Zellpopulationen.
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2.2.6.3. Western Blot

Die Western Blots, mit denen wir die von lysierten sortierten Zellen gewonnenen
Proteine sichtbar machen und quantifizieren konnten, wurden von meiner Kollegin
Wiebke Sachs durchgefuhrt. Nephrin, ein podozytares Protein der Schlitzmembran
wurde als Marker fur Podozyten gewahlt, PDGFR-beta als Marker fur Mesangialzellen
und VE-Cadherin als Marker fur Endothelzellen. Die Ergebnisse ihrer Untersuchungen
decken sich mit den Ergebnissen der gqPCR und demonstrieren die Reinheit der
sortierten Zellen.
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Abbildung 8: Western Blots zelltyp-spezifischer Proteine. Die Proteine sind signifikant
in den Proben des jeweiligen Zelltyps angereichert.

2.2.6.4. Proteomics

Grolde, aus mehreren Mausen zusammengestellte Proben wurden an Markus
Rinschen geschickt, der diese mit einem Massenspektrometer analysiert hat. Hier
zeigte sich im ersten Batch eine geringflugige Verunreinigung der
Mesangialzellpopulation durch Podozyten, welche den vorangegangenen Tests
entgangen war. Nach akribischer Suche fand sich schlief3lich ein kleiner Fehler in der
Gatingstrategie des Sortierens. Nach der entsprechenden Korrektur schickten wir
einen zweiten Batch, welcher schliel3lich die erwartete Reinheit aufwies.
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Abbildung 9: Proteomics-Analyse mit Darstellung der Anreicherung zelltyp-
spezifischer Proteine (Karaiskos et al., 2018), innerhalb der sortierten
Zellpopulationen. Hier zeigt sich eine deutliche Anreicherung der Proteine der
Zellmarkergene innerhalb ihrer entsprechenden Zellpopulation. Zusatzlich zeigt sich
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eine deutliche schwachere und gleichmalige Expression tubularer Proteine in den
Zellpopulationen.

2.2.7. Weiterfuhrende Untersuchungen

Nach dem Abschluss der Entwicklungsphase von timMEP haben wir damit begonnen,
verschiedene weiterfUhrende Experimente durchzufuhren.

2.2.7.1. Angereicherte Proteine in den Zellpopulationen

Nach den Proteomicsanalysen erhielten wir von Markus Rinschen einen Datensatz
aller identifizierten Proteine. Eine weiterfuhrende Auswertung der Daten resultierte in
12 podozytenspezifischen, 16 mesangialzellspezifischen und 22
endothelzellspezifischen Proteinen, die bisher nicht als solche beschrieben
wurden.(Hatje et al., 2021, fig. 4B)

2.2.7.2. Ergebnisse proteomischer Untersuchungen sortierter Zellpopulationen

Zusatzlich zu der Darstellung der erfolgreichen Auftrennung glomerularer Zellen,
konnten wir weiterfuhrende Analysen der gewonnen Proteomicsdaten durchfuhren.
Wir konnten zeigen, dass signifikante Unterschiede des Proteoms auch zwischen den
gleichen Zelltypen unterschiedlicher Mausstamme darstellbar sind. Die grofRten
Differenzen ergaben sich zwischen den Wildtyp-Proteomen und den mT/mG-
Proteomen, hinweisend auf die Verfalschung bzw. Artefaktbildung, die in den
Proteomen von Reportermausen entstehen kann.

2.2.7.3. Spezifische Reaktionen glomerularer Zellen im Mausmodell der anti-
THSD7A membranosen Glomerulnephritis

Nach erfolgreicher Darstellung signifikanter Unterschiede zwischen den von uns
genutzten Mausstammen im Gesunden, wollten wir die Applikation von timMEP mit
kranken Tieren uberprufen. Dafur haben wir Wildtyp-Mause mit anti-THSD7A
Antikorpern behandelt, um das Mausmodell der anti-THSD7A membrandsen
Glomerulonephritis zu induzieren (Tomas et al., 2017). THSD7A ist ein in der
Schlitzmembran der Podozyten lokalisiertes Protein und ein Ziel fur Autoantikorper,
die im Menschen bei Bindung die membrandse Glomerulonephritis auslosen.(Herwig
et al., 2019; Tomas et al., 2014) Isolation der Zellen erfolgte 1 Tag und 7 Tage nach
Injektion der Antikorper. Eine Kontrollgruppe erhielt unspezifisches Kaninchen 1gG.
Auswertungen von gPCR-Experimenten zeigten signifikante
Transkriptionsunterschiede in Podozyten zwischen dem 1. und 7. Tag nach Injektion.
Diese Effekte waren in Proben kompletter Glomeruli nicht nachweisbar, hinweisend
auf die genauere Auflosbarkeit zellularer Effekte in Mausmodellen mit timMEP.

2.3. Diskussion

2.3.1. Der Verlust von Antigenen
timMEP birgt das Potenzial, die nachste Etappe in der Erforschung glomerularer

Erkrankungen zu katalysieren. Umso wichtiger ist es sich ihrer Grenzen klar zu sein.
Die Sortierbarkeit der Zellen fundiert vollstandig auf der Markierung der Zelltypen mit
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Fluorochromen. Wir setzen mit der Methode auf die Bindung fluorochrom-gekoppelter
Antikorper an extrazellulare, membranstandige, fur ihren Zelltyp spezifische Proteine.
Konnen diese nicht gebunden werden, konnen die Zellen im FACS nicht sortiert
werden.

Fir die Erforschung von Erkrankungen sind vergleichbare Mausmodelle von gro3em
Wert. Es besteht jedoch keine Garantie, dass eine in der Maus induzierte Erkrankung
nicht zu einem Verlust der Oberflachenmolekule fuhrt. Die Podozyten einer Maus, die
beispielsweise ihr Podoplanin vollstandig verliert, konnen nicht mit unserer Methode
isoliert werden.

Aus der Uberlegung des Verlustes von Antigenen auf kranken Zellen resultiert eine
weitere Schlussfolgerung. Wenn kranke Zellen weniger gut markiert und sortiert
werden konnen, besteht die Moglichkeit einer Verzerrung der nachfolgenden
Untersuchungen. Durch das Wegfallen kranker Zellen beim Sortieren resultiert eine
ungleich héhere Gewinnung gesunder Zellen, die nicht der Verteilung von kranken und
gesunden Zellen in-vivo entspricht.

Es mussen jedoch nicht zwingend die drei Markermolekule Podoplanin, CD73 und
CD31 genutzt werden. Sollten die Molekule in einem Mausmodell nicht zuverlassig
markierbar sein, konnen alternative Markerproteine getestet werden. Eine Auswahl an
moglichen potenziellen Oberflachenmarkern haben wir in unserer Veroffentlichung
mitangefugt.(Hatje et al., 2021, Supplemental table 5) Auflerdem ware es moglich
timMEP zu modifizieren, indem beispielsweise nach der Zellisolation intrazellulare
Molekule markiert werden. Diese Moglichkeit habe ich wahrend der Entwicklung der
Methode zwar in Betracht gezogen, aber nicht weiterverfolgt, da sie zum Tod aller
Zellen fuhrt. Je nach Ziel des Experimentes konnte dieser Umstand jedoch akzeptabel
sein.

2.3.2. Die membranose Glomerulonephritis

Die Niere ist als zentrales Organ fur die Gesundheit des Menschen unerlasslich. Als
hochkomplexe Funktionseinheit besitzt sie zahllose Stellschrauben, an denen
Funktionsverluste zu umfangreichen klinischen Syndromen eskalieren konnen. Einer
dieser Symptomkomplexe ist das nephrotische Syndrom, das sich durch Proteinurie,
Odeme, Hypalbuminamie und Hypertriglyzerindmie auszeichnet.(Ronco and Debiec,
2020) Ursachlich fur diesen Symptomkomplex ist der Verlust von Bluteiweil3en durch
einen Funktionsverlust der glomerularen Filtration. Die haufigste mit dem
nephrotischen Syndrom einhergehende Erkrankung des Erwachsenen ist die
membrandse Glomerulonephritis.(Medawar et al., 1990; Ronco and Debiec, 2020)
Pathophysiologisch entsteht sie durch die autoimmune Bildung von anti-PLA2-
Rezeptor Antikorpern (Beck et al., 2009) oder anti-THSD7A-Antikorpern (Tomas et al.,
2014), welche durch die Bindung mit ihren Antigenen Immunkomplexe bilden, die sich
wiederum an der Basalmembran ablagern. Dies fuhrt zu einer Schadigung
glomerularer Strukturen durch die Aktivierung des Komplementsystems. Ist der
Schaden von den Podozyten nicht mehr kompensierbar, zeigt sich das Verstreichen
der podozytaren Fuldfortsatze mit Funktionsverlust der Schlitzmembran und der
glomerularen Basalmembran.(Butt et al., 2020; Nagata, 2016; Ronco and Debiec,
2020) Resultierend verliert der glomerulare Filter seine Fahigkeit, das Ausschwemmen
von Plasmaproteinen in den Primarharn zu verhindern.
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2.3.3. Relevanz von timMEP im Kontext medizinischer Grundlagenforschung

Moderne Grundlagenforschung wendet zunehmend komplexere Instrumente zum
Erlangen neuer Erkenntnisse an. Auch timMEP ist im Vergleich zu vorangegangenen
Methoden komplexer und aufwendiger geworden. Wir haben jedoch zeigen konnen,
dass sich die Arbeit Uberproportional auszahlt, da sie die Gewinnung grof3er Mengen
an Probenmaterial erlaubt. Entscheidend ist auch die Tatsache, dass es nun madglich
ist, grol3e Proben aller 3 Zelltypen aus einer einzigen Maus zu gewinnen. Dies erlaubt
den direkten Vergleich zwischen den Zellen und gewahrt einen Weg zu zunehmend
detaillierten Untersuchungen des interzellularen Crosstalks im gesunden und kranken
Glomerulus.

3. Zusammenfassung

3.1. Deutsch

Der Glomerulus der Niere besteht aus 3 zellularen Hauptbestandteilen: Podozyten,
Mesangialzellen und Endothelzellen. Gemeinsam sind sie fur die Bildung und
Aufrechterhaltung der glomerularen  Filtrationsbarriere  verantwortlich, ein
Funktionsverlust dieser Struktur resultiert im nephrotischen Syndrom. Die Erforschung
des Glomerulus stellt daher eine fundamentale Voraussetzung fur das Erlangen
pathogenetischen Verstandnisses glomerularer Erkrankungen sowie die Entwicklung
effektiver Therapien dar. Ziel dieser Arbeit war es, eine Methodik zu entwickeln, die es
erlaubt alle 3 Zelltypen aus einer Wildtyp-Maus zu isolieren und fur beliebige
nachfolgende Analysen nutzbar zu machen, genannt timMEP. timMEP verlauft in 5
Schritten: Entnahme muriner Nieren, Isolation der Glomeruli, Herauslosen der Zellen
aus den Glomeruli, Markierung der Zellen mit zelltypspezifischen
fluoreszenzgekoppelten Antikdrpern und Sortierung der Zellen in einem FACS. Die
Reinheit der erhaltenen Zellpopulationen wurde unter Nutzung konfokaler
Mikroskopie, qPCR, Western Blots und Proteomics bestatigt. timMEP erlaubt es
Untersuchungen an den 3 Hauptzellbestandteilen eines Individuums durchzuflhren
und ebnet somit den Weg fur Experimente mit glomerularen Zellen in einem bisher
unerreichtem Detailgrad.

3.2. Englisch

The kidney’s glomerulus consists of 3 main cellular components: podocytes, mesangial
cells and endothelial cells. Together they are responsible for the formation and
maintenance of the glomerular filtration barrier, a loss of function of this structure
results in the nephrotic syndrome. Consequently, the investigation of the glomerulus is
a fundamental prerequisite for gaining a pathogenetic understanding of glomerular
diseases and the development of effective therapies. The aim of this work was to
develop a protocol that enables the isolation of all 3 cell types from the same
individuum. We call this method timMEP. timMEP consists of 5 steps: harvest of murine
kidneys, isolation of the glomeruli, extraction of the cellular components, labeling the
cells with cell-type-specific fluorescence-coupled antibodies and fluorescence-
activated cell sorting. The purity of the obtained cell populations was confirmed using
confocal microscopy, qPCR, Western blots and proteomics. timMEP enables
glomerular cell type-resolved investigations in unprecedented detail.
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4. Abkurzungsverzeichnis

timMEP tripartite isolation method for murine mesangial and endothelial cells and
podocytes

THSD7a Thrombospondin Type 1 Domain-Containing 7A

FACS fluorescence-activated cell sorting

eGFP enhanced green-fluorescent protein

tdTomato  tandem-dimer-tomato

mT/mG membrane-targeted tdTomato/membrane-targeted eGFP

PECAM-1  Platelet/endothelial cell adhesion molecule-1

CD31 Cluster of Differentiation 31

CD73 Cluster of Differentiation 73

gPCR quantitative polymerase chain reaction

mRNA messenger ribonucleic acid

cDNA complementary desoxyribonucleic acid
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