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Three-Dimensional Super-Resolved Imaging of
Paraffin-Embedded Kidney Samples
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Key Points

e Our previous protocols for 3D super-resolution kidney imaging have not been optimized to be compatible with
paraffin-embedded samples.

e This study overcomes these limitations, allowing 3D super-resolved imaging in FFPE kidney blocks.

e This advancement opens up for 3D super-resolution kidney imaging of biobank material and in clinical settings.

Abstract

Background Diseases of the glomeruli, the renal filtration units, are a leading cause of progressive kidney
disease. Assessment of the ultrastructure of podocytes at the glomerular filtration barrier is essential for diagnosing
diverse disease entities, providing insight into the disease pathogenesis, and monitoring treatment responses.

Methods Here we apply previously published sample preparation methods together with stimulated emission

depletion and confocal microscopy for resolving nanoscale podocyte substructure. The protocols are modified
and optimized in order to be applied to formalin-fixed paraffin-embedded (FFPE) samples.

Results We successfully modified our protocols to allow for deep three-dimensional stimulated emission
depletion and confocal imaging of FFPE kidney tissue with similar staining and image quality compared with
our previous approaches. We further show that quantitative analysis can be applied to extract morphometrics
from healthy and diseased samples from both mice and humans.

Conclusions The results from this study could increase the feasibility of implementing optical kidney imaging
protocols in clinical routines because FFPE is the gold-standard method for storage of patient samples.
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Introduction

The three-layered kidney filtration barrier is responsi-
ble for filtering 180 L of primary urine each day. It
consists of a fenestrated endothelium, a uniquely com-
posed glomerular basement membrane (GBM), and
an epithelial layer of podocytes, forming interdigitat-
ing structures called foot processes (FP) (1). In particu-
lar, the visualization of FP is of high importance to
assess glomerular health because effacement (i.e., mor-
phologic broadening and shortening) of FP is seen in
almost all types of glomerular disease. Due to the tiny
dimensions of these structures (width 200-1000 nm,
spacing approximately 50 nm), the standard imaging
modality used to visualize FP has previously been
scanning or transmission electron microscopy (2).
Although powerful in resolution, electron microscopy
has drawbacks and limitations when it comes to non-
destructive and straightforward three-dimensional

(3D) imaging. Further, because electron microscopy
produces grayscale contrast images of all constituents
of the tissue, segmentation of structures of interest for
further analysis can be challenging (3). In optical
microscopy, however, tagging specific molecules with
fluorescent dyes allows only structures of interest to
be visualized, with no signal collected from other
regions, thus substantially simplifying automated
image segmentation. In the past decade, new optical
imaging techniques have been developed for visualiz-
ing FP and other parts of the filtration barrier, such as
the GBM (4). In 2016, it was shown for the first time
that podocyte FP and the slit diaphragm (SD) can be
resolved in situ in 3D using a combination of stimu-
lated emission depletion (STED) microscopy and tis-
sue clearing (5). It was also shown in this study that
FP pathology (effacement) can be quantified in terms
of the SD coverage. Further development, by our
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group and others, has made it possible to extract the SD
coverage (6,7) and a plethora of other quantitative parame-
ters describing effacement semi-automatically (7,8). Our
group has recently shown that SD and FP morphometry
can be extracted from fluorescence images in a completely
automated manner by applying deep-learning segmenta-
tion, further establishing the quantitative advantages of
optical microscopy for imaging FP and quantifying efface-
ment (Butt L, Unnersjo-Jess D, Hohne M, et al.: Deep
learning-based segmentation and quantification of podo-
cyte foot process morphology. bioRxiv. 10.1101/
2021.06.14.448284). Before this, moreover, we published a
straightforward 3D imaging and quantitative pathologic
analysis protocol for both murine and human samples that
can be finished for full biopsy diagnostics in only 5 hours
(8). All of the protocols previously developed by us are per-
formed in optically cleared and thicker vibratome sections
of fresh, fresh-frozen, or paraformaldehyde (PFA) fixed
samples/biopsies. Other than the obvious advantage of 3D
capacity, which gives access to a much larger volume for
imaging and analysis, these protocols have proven highly
superior to noncleared samples when it comes to achieving
high labeling quality and contrast (5,8). The focus of this
study is to investigate how our clearing and swelling proto-
cols perform with paraffin-embedded tissue/biopsies. This
will be of importance in many research or pathology labo-
ratories because paraffin embedding is an old standard of
storing tissue for later analysis. We show that by slightly
modifying our protocols, super-resolved STED and confo-
cal 3D imaging of podocyte morphology can readily be
performed in formalin-fixed paraffin-embedded (FFPE)
samples. This broadens the use of our fast and simple clear-
ing and swelling protocols for renal research, especially for
accelerated use in clinical pathology.

Materials and Methods
Murine and Human Kidney Tissue

All mouse experiments were approved by the State
Office of North Rhine-Westphalia, Department of Nature,
Environment and Consumer Protection (LANUV NRW,
Germany), and were performed in accordance with Euro-
pean, national, and institutional guidelines. Mice of 100%
C57BL/6N background were used. After anesthesia with
ketamine and xylazine, mice were euthanized by cardiac
perfusion with HBSS and fixated as described below.

Patient material was obtained from one child suffering
from steroid-resistant nephrotic syndrome due to compound-
heterozygous point mutations in TRPC6 and NPHS2. Control
human tissue was collected from a patient who was nephrec-
tomized due to renal carcinoma. Tissue sample was dissected
from the nontumorous pole of the kidney and showed a
normal histologic picture in routine histologic examination.
All procedures were approved by the Ethics Commission of
Cologne (DRKS00024517) and conducted in accordance with
the Declaration of Helsinki. The patient or the patient’s
parents gave informed consent.

Murine Model for FSGS

Mice with two compound-heterozygous point mutations,
PodR#1Q/ABEY yere generated as previously described (7).
Mice were euthanized at 20 weeks of age as stated above.
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Fixation and Paraffin Embedding

Mouse kidneys were fixed in 4% PFA in 1X PBS at room
temperature for 1-3 hours. Healthy kidney tissue of human
control patients was obtained from the healthy contralat-
eral pole of the renal carcinoma and was fixed in 4% PFA
in 1X PBS overnight. Murine and human tissue was then
paraffin embedded using standard procedures.

Deparaffinization

Pieces of cortex approximately 1-2-mm-thick were cut
from the paraffin block using a scalpel. Alternatively, sam-
ples were sectioned to a thickness of 10 pm using a micro-
tome and mounted on glass slides. Paraffin was dissolved
by incubating the samples in Xylene overnight (three times
for 5 minutes for thin sections). After this, the samples
were rehydrated by incubation in 100% EtOH three times
for 1 hour (three times for 3 minutes for thin sections), 96%
EtOH twice for 1 hour (twice for 2 minutes for thin sec-
tions), and 70% EtOH for 1 hour (2 minutes for thin sec-
tions), and then washed in PBS for 10 minutes (twice for
1 minute for thin sections).

Optical Clearing

Samples were prepared according to a slightly modified
version of a previously published fast and simple protocol
(8). Samples were sectioned to 200 pum sections using
a vibratome and then delipidated in clearing solution for
2 hours at 70°C-80°C (depending on age and species; this
has to be optimized for each application). For thin sections,
sections were gently removed from glass slides using a
razor blade and then cleared for 1 hour at 80°C free-
floating in an Eppendorf tube.

Labeling

PBS with Tween 20 (PBST) was used as antibody diluent
for murine samples, and HEPES-TCS buffer (10 mM
HEPES, pH 7.5, with 200 mM NaCL and 10% TritonX-100)
was used for human samples. Samples were incubated in
primary antibody at 37°C for 2-24 hours, washed once in
antibody diluent for a minimum of 5 minutes, and then
incubated in secondary antibody at 37°C for 2-24 hours.
Samples were then washed in antibody diluent for a mini-
mum of 5 minutes before mounting. Antibodies used were
a rabbit polyclonal antibody to podocin (P0372; Sigma-
Aldrich) used at a dilution of 1:100, sheep polyclonal anti-
body to nephrin (AF4269; R&D systems) used at a dilution
of 1:50, and a rabbit polyclonal antibody to collagen IV
(ab256353; Abcam). Secondary antibodies used were a don-
key anti-rabbit (711-005-152; Jackson ImmunoResearch)
conjugated to Atto-594 and a donkey anti-sheep (713-005-
147; Jackson ImmunoResearch) conjugated to either Alexa-
488 (human samples) or Abberior STAR635P (murine sam-
ples). The secondary antibodies were conjugated to dyes
in-house as previously described (8). The collagen IV pri-
mary antibody above was directly conjugated to Alexa-555
in-house as previously described (8).

For thin sections, PBST supplemented with 3% BSA and
5% normal donkey serum was used as antibody diluent,
and PBST was used for washing steps. After deparaffiniza-
tion, a sheep antinephrin and a rabbit antipodocin (same
antibodies as above) antibody was added at dilutions of
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Figure 1. | Fast sample preparation and imaging protocol for the visualization of foot processes (FP) in formalin-fixed paraffin-embedded
(FFPE) kidney tissue. (A) Overview of the sample preparation and imaging protocol. (B-D) This protocol allows for fast, high-throughput con-
focal imaging of FP on glomerular capillaries (B), with semi-automatic segmentation of the slit diaphragm (SD) and FP (C) and quantification of
morphometry (D). The images and plots are illustrative examples; see Figures 2—4 for detailed results. Scale bars: 10 pm (B), 5 pm (C).

1:200 and 1:400, respectively, and incubated at room tem-
perature for 3 hours. After this, sections were washed five
times for 2 minutes at room temperature. A donkey anti-
rabbit Atto-594 and a donkey anti-sheep Abberior STAR635P
antibody was added, both at a 1:400 dilution, and incubated
at 3 hours at room temperature.

Mounting

Samples were incubated in 80% wt/wt fructose (1 ml
dH,O added to 4 g of fructose, 0.5% 1-thioglycerol was
added to inhibit the Maillard reaction) with (human sam-
ples) or without (murine samples) 4 M urea at 37°C with
shaking at 500 rpm for 15 minutes and then placed in a
MatTek or Ibidi dish along with a few drops of fructose
solution with a coverslip top (to prevent evaporation)
before imaging. Thin sections on slides were mounted in a
drop of 80% wt/wt fructose solution (see above).

Imaging
Images were acquired using a Leica SP8 STED 3X sys-
tem. Objectives and other relevant imaging parameters

(such as pinhole diameter) are indicated in the figure
legends. For STED imaging, a 300-mW pulsed 775-nm laser
was used at 30% power (STAR 635P) and 80% power
(Atto594). For excitation, a 0.3-mW white light laser was
used at varying intensities between 0.1% and 10%, depend-
ing on labeling target and dye.

Image Processing and Analysis

Images were smoothened (unless other stated) by replac-
ing each pixel value by the mean of its 3 X 3 neighborhood
using Fiji/Image] before inclusion in figures. Details
regarding the Image] macro and extracted morphometric
parameters can be found elsewhere (7) (Butt L, Unnersjo-
Jess D, Hohne M, et al.: Deep learning-based segmentation
and quantification of podocyte foot process morphology.
bioRxiv. 10.1101/2021.06.14.448284).

Schemes
The scheme in Figure 1A was produced by D. Unnersjo-
Jess using BioRender.
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Results
Optical Clearing and Mild Swelling of Kidney Tissue

The general workflow is shown schematically in Figure
1A. We used our recently published fast clearing and swell-
ing protocol (8) as a starting point, adding a deparaffiniza-
tion step before vibratome sectioning. Samples were treated
according to a slightly modified simple clearing protocol,
and the podocyte substructure could be imaged using either
confocal or STED microscopy with subsequent segmentation
and morphologic analysis (Figure 1B-D). One of the most
important advantages of our previously published protocols
is the access to the depth dimension, and we therefore
wanted to explore if the depth dimension would also be
accessible in FFPE tissue. To this end, pieces of kidney tissue
were cut out of the paraffin block using a razor blade and
were then deparaffinized using standard deparaffinization
protocols, utilizing Xylene for dissolving paraffin followed
by rehydration in decreasing concentrations of ethanol in
water. After this, samples were cut into sections 200-um-
thick using a vibratome. Samples were then delipidated
using SDS, and different clearing times and temperatures
were tried (Supplemental Figure 1). Compared with nonpar-
affinized PFA or formalin-fixed samples, slightly longer
clearing times and higher temperatures were needed for suf-
ficient clearing (Supplemental Figure 1, A and B). Of note is
that the nephrin staining, the basis for later quantitative anal-
ysis, showed sulfficient signal after only 15 minutes of clear-
ing, whereas podocin needed a longer clearing time for suffi-
cient antigenicity (Supplemental Figure 1A). Thus, if only
nephrin staining is used, the protocol can be shortened. Stan-
dard antigen retrieval by boiling in Tris-EDTA was tried,
resulting in slightly lower staining quality and less optical
transparency, and we thus decided to keep the SDS clearing
step (Supplemental Figure 1C). On the basis of the results in
Supplemental Figure 1, we established an SDS clearing step
of 2 hours at 80°C as a starting point. However, as with all
clearing protocols (and also with standard antigen retrieval
on thin sections), temperature and time need to be optimized
on the basis of tissue type, fixation time and conditions, dif-
ferent epitopes/antibodies, efc. Our final protocol resulted in
a linear swelling of around 25%, slightly lower than earlier
reported in non-FFPE samples (8) (Supplemental Figure 1D).

Visualizing FP and the SD using STED and
Confocal Microscopy

Next, by staining for podocin and nephrin, we validated
that FP in both murine and human tissue could be clearly
resolved using STED microscopy (Figure 2, A and D).
Importantly, the expression of podocin on both sides of the
slit could be resolved (Figure 2, B, C, E, and F), which vali-
dates that the resolution achieved with this FFPE-
optimized protocol is similar compared with our previous,
more tedious, STED-imaging protocol (5). In our latest fast
and simple protocol, we show that the podocyte substruc-
ture can be resolved using confocal microscopy if samples
are embedded in a fructose solution containing 4 M urea in
order to induce slight swelling in the sample (8). We show
that this approach can also be applied to FFPE tissue by
demonstrating that FP can clearly be resolved in both
human and murine samples (Figure 2, G and H).

We next applied our validated clearing and swelling pro-
tocol to clinical samples. Occasionally, such as when
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retrieving samples from a biobank or a pathology labora-
tory, the only option is to obtain thin (<10 um) paraffin sec-
tions on glass slides. Thus, we investigated if our protocol
could also be applied to such samples. Applying a standard
Tris-EDTA antigen retrieval step before staining with the
simplified staining protocol used for cleared sections (8)
did not result in sufficient staining quality to resolve FP
(Supplemental Figure 2A). Interestingly, we found that
removal of the section from the glass slide using a razor
blade and performing the staining free-floating substan-
tially increased staining quality (Supplemental Figure 2B).
However, it was only after adding a 1-hour delipidation
step at 80°C that sufficient staining quality could be
achieved to resolve the SD by staining for podocin
(Supplemental Figure 2, C and D). Importantly, we did
manage to achieve sufficient staining quality in sections
mounted on a glass slide by extending the length of the
Tris-EDTA boil to 40 minutes and by applying a more labo-
rious standard immunohistochemistry staining protocol,
using blocking with BSA/NDS and by adding several
washing steps between and after antibody incubations
(Supplemental Figure 2F). However, we were not able to
resolve the SD when staining for podocin in sections still
mounted on a glass slide (Supplemental Figure 2G). The
results from Supplemental Figure 2 further establish what
has been shown previously—that SDS delipidation of thick
sections results in higher staining quality, and that this
staining quality can be achieved also by using a drastically
simplified staining protocol with no blocking and very little
washing (5,8).

Quantifying Glomerular Nanoscale Pathology in FFPE
Samples from Mice and Humans

We further went on to validate that by applying our pre-
viously published analysis approaches, we could quantita-
tively describe pathologic FP effacement in both humans
and mice. To do this, we applied the protocol to FFPE
tissue from a patient with trans-associated mutations
in TRPC6 and NPHS2, and to mice with compound-
heterozygous mutations in the nphs2 gene (R231Q/A286V),
both leading to an FSGS phenotype (Figure 3). Using a pre-
viously published Image] macro (7), we show that both the
filtration slit pattern and individual FP could be segmented
from images acquired using confocal microscopy (Figure 3,
A and D). From these segmentations, the SD length per
area (Figure 3, B and E) and FP circularity (Figure 3, C and
F) could be extracted. The results for the murine FSGS
model are in line with what has previously been published
(7), with a significantly lower SD length and a significantly
increased FP circularity compared with controls (Figure 3,
E and F). A decrease in SD length was also observed in the
patient (Figure 3B), whereas the increased circularity seen
in the murine FSGS model was not observed. Instead, a
decrease in circularity was observed for the patient with
genetic FSGS (Figure 3C). In addition, for other morpho-
metric parameters, except for FP area, results for FSGS
mice and the FSGS patient showed opposite significant dif-
ferences (Supplemental Figure 3). One reason for this vari-
ability could be that the control human sample was taken
from a very old patient (>70 years old), whereas the FSGS
sample was taken from a young child (<1 year old), and
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Figure 2. | Validation of the protocol for imaging podocyte ultrastructure in human and murine FFPE tissue samples. All samples were
imaged using a Leica SP8 3X STED microscope with a 100X/1.4NA oil objective. All images are maximum intensity projections of
z-stacks approximately 2-um-thick acquired at depths of 0-20 pm. Samples were stained for nephrin using either Abberior STAR-635P
(A-E) or Alexa-488 (G and H) and for podocin using Atto-594 (A-E). Scale bars: 2 pm (A and D), T um (B and E), 5 um (G and H). (A)
A human control sample treated according to the protocol shows that FP are clearly outlined by staining for the SD. (B) Single-channel
views of the area outlined by a white rectangle in (A) shows that the two-sided expression of podocin on both sides of the SD can be
resolved. (C) A line profile along the yellow line in (B) shows that podocin is flanking the nephrin signal in three SDs with a separation of
the podocin signal of around 80-100 nm. (D) In addition, in a wild-type mouse sample, FP are clearly outlined by staining for the SD. (E)
Single-channel views of the area outlined by a white rectangle in (D) shows that the two-sided expression of podocin on both sides of the
SD can also be resolved in the murine sample. (F) A line profile along the yellow line in (E) shows that podocin is flanking the nephrin sig-
nal in two SDs, also here with a separation of the podocin signal of around 80-100 nm. (G and H) Confocal images of human (G) and
murine (H) tissue, showing that FP morphology can be resolved with diffraction-limited microscopy by using a 1.4 NA 100X objective
with the green-emitting dye Alexa-488 and a confocal pinhole size of 0.3 airy units.

mouse samples were age matched. Moreover, we have
recently shown that different disease types can present
with different morphologic effacement “fingerprints,” and
thus effacement patterns might differ between subtypes of
FSGS (Butt L, Unnersjo-Jess D, Hohne M, et al.: Deep
learning-based segmentation and quantification of podocyte
foot process morphology. bioRxiv. 10.1101/2021.06.14.
448284). Even though the segmentation and analysis work

well in images acquired with confocal microscopy, we fur-
ther demonstrate that as a result of the higher spatial resolu-
tion, the ImageJ] macros perform slightly better in images
acquired with STED microscopy (Supplemental Figure 4).
As part of the SD density macro, the user must define the
capillary surface area in which the analysis is to be carried
out. This is not always straightforward, especially in capil-
lary regions with severe FP effacement, and might lead to
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Figure 3. | Imaging and segmentation/morphometry of the SD/FP pattern in healthy and diseased human and murine FFPE tissue imaged
with confocal microscopy. All samples were stained for nephrin using Alexa-488 and imaged using a 100X NA 1.4 oil objective with a
confocal pinhole setting of 0.3 AU. Scale bars: 5 um and 1 pm (zoomed insets). (A) Maximum intensity projections of z-stacks approxi-
mately 2-um-thick, showing the global slit pattern in a control human sample and a sample from a patient diagnosed with FSGS. Insets are
zooms of the area marked with a white square, showing effacement in higher detail. (B) SD length per capillary area in control and FSGS
patients, showing a significant decrease for the FSGS patient. Each dot represents one image. Black line represents the mean, and error
bars represent SD. Two-tailed t test, P=0.001. (C) FP circularity score for control and FSGS patients, showing an unexpected but significant
decrease in circularity score for the FSGS patient. Each dot represents one FP, and the green line represents the mean. Two-tailed ¢ test,
P<0.0001. (D) Maximum intensity projections of z-stacks approximately 2-um-thick, showing the global SD pattern in a wild-type (WT)
murine sample and a sample from a mouse with genetic FSGS. Insets show zooms of the area marked with a white square, showing efface-
ment of FP in the FSGS mouse in higher detail. (E) SD length per capillary area in WT and FSGS mice, showing a significant decrease for
the mutated mouse. Each dot represents one image. Black line represents the mean, and error bars represent SD. Two-tailed ¢ test,
P<0.0001. (F) FP circularity score for WT and FSGS mice, showing a significant increase in circularity score for the FSGS mouse. Each dot
represents one FP, and the green line represents the mean. Two-tailed ¢ test, P<<0.0001.
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Figure 4. | Three-dimensional confocal and STED imaging in human samples (same samples as in Figure 3). All images acquired using a
Leica SP8 confocal system using either a 20X NA 0.75 oil (A), a 100X NA 1.4 oil objective, or a 93X NA 1.3 glycerol motCorr objective
(B-C). Samples were stained for nephrin with either Alexa-488 (A-C) or Abberior STAR635P (D-G). (A) Maximum intensity projection of a
z-stack approximately 200-um-thick in the sample from the FSGS patient, showing clear focal and segmental sclerosis of glomeruli (high
collagen expression and low nephrin expression). Scale bar: 100 pm. (B and C) Maximum intensity projections of confocal z-stacks
approximately 100-um-thick of control (B) and FSGS (C) patients, showing apparent effacement of FP in a sclerosed glomerulus of the
FSGS patient. Insets show zooms of areas marked with yellow squares. Scale bars: 10 pm and 1 pm (zoomed insets). (D and E) Maximum
intensity projections (x-z views) of confocal (D) and 3D STED (E) stacks of the same glomerulus. The z-depth is indicated with the arrow
between the images. See Supplemental Video 1 for better visualization of the data. (F and G) Maximum intensity projections of 3D STED
stacks of glomerular capillaries in the control patient, showing that FP can be clearly resolved at depths of at least 65 pm. Stacks are tilted

to show the high z-resolution provided by the STED depletion in the z-dimension. Dimensions are indicated on the axes.

erroneous results. We found that staining the GBM using a
collagen IV antibody enabled us to define the region of
interest automatically and accurately without user interven-
tion (Supplemental Figure 5).

Three-Dimensional Confocal and STED Imaging of
Thick Samples

We have previously shown that our optical clearing pro-
tocols allow for both confocal and STED imaging deep
inside intact kidney tissue (5,8,9). In addition, with our
FFPE-optimized protocol, we validated that thick samples
can be imaged in 3D at both low and high magnifications
(Figure 4, A-C). By mixing the fructose-embedding medium
at a lower concentration, the refractive index can be freely
adjusted to 1.45, perfectly matching a longer working dis-
tance glycerol objective lens. With this approach, con-
focal imaging is possible at depths of at least 120 um
(Supplemental Figure 6) in cleared FFPE samples, although
the lower NA of the glycerol objective lens of 1.3 results in
slightly lower lateral and axial resolution compared with the
1.4 NA oil objective otherwise used. Although sufficient lat-
eral resolution for resolving FP can be achieved with a confo-
cal microscope, the z-resolution is still not sufficient to resolve
FP when projecting x-z or y-z directions on capillaries (Figure
4D). However, by applying 3D STED, which increases the
axial resolving power by a factor of 5, sufficient isotropic reso-
lution is reached for resolving FP nanoscale morphology in
any spatial orientation (Figure 4, E-G, and Supplemental

Movie 1). We have thus demonstrated that our in situ 3D
imaging capacity shown with previous protocols is transfer-
able to clinically stored FFPE tissue samples as well.

Discussion

In the last years, we have shown that by applying novel
sample preparation technologies, superb staining quality
can be achieved when imaging the podocyte substructure
in intact kidney tissue. Apart from higher signal-to-noise
ratio and higher labeling density, the protocols also allow
for 3D visualization of FP morphology in health and dis-
ease. The protocols have proven to be superior for later
semi-automatic and automatic segmentation to extract
quantitative parameters describing podocyte morphology
(7) (Butt L, Unnersjo-Jess D, Hohne M, et al.: Deep learning-
based segmentation and quantification of podocyte foot
process morphology. bioRxiv. 10.1101/2021.06.14.448284).
By modifying these protocols, here we show that FFPE tis-
sue can also be treated according to our protocol to achieve
similar imaging results as with samples not embedded in
paraffin. We also validated that our previously developed
image analysis/quantification strategies can be applied to
FFPE samples, with correlating results. In FFPE tissue, we
found that SDS delipidation acts not only to increase tissue
transparency, but also as an antigen retrieval step, with
increasing epitope availability upon increased clearing
time. We further show that the increase in staining quality
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can be partially attributed to the fact that samples are
stained in a free-floating manner because an identical stain-
ing protocol applied to an FFPE section mounted on a glass
slide resulted in substantially lower staining quality. How-
ever, as has also been demonstrated previously (6,10,11),
we show that it is also possible to achieve a decent staining
quality in sections mounted on glass slides by applying a
longer antigen retrieval step and a more tedious labeling
protocol with extensive washing and blocking. For maxi-
mal staining quality and effective resolution, FFPE tissue
samples had to be cleared and stained in a free-floating
manner. We thus show that apart from the obvious disad-
vantage of having access to less in situ 3D volume for imag-
ing, thin FFPE sections mounted on slides are suboptimal
for visualizing and segmenting podocyte substructure.

Taken together, findings in this study show that our fast
and simple clearing protocols can also be applied to FFPE
tissue blocks, which has its main effect when it comes to
the study of human clinical samples. In most clinical
pathology laboratories, it is standard procedure to embed
biopsies in paraffin before thin sectioning and histologic
evaluation. Thus, the threshold for implementing our clear-
ing protocols in a clinical pathology workflow is drastically
lowered. It should be pointed out that the long deparaffini-
zation protocol applied here to tissue chunks several
millimeters thick can be drastically shortened when depar-
affinizing smaller samples, such as human biopsies. It
should also be apparent that paraffinization and deparaffi-
nization of tissue is still laborious and time-consuming, and
there is thus no benefit in applying it for the purpose of
imaging FP using optical microscopy if one has the choice.
Moreover, our recently shown automatic multiparametric
morphologic analysis of filtration structure morphology, on
the basis of deep learning, gives additional information
regarding differential patterns of effacement across differ-
ent diagnoses (Butt L, Unnersjo-Jess D, Hohne M, et al.:
Deep learning-based segmentation and quantification of
podocyte foot process morphology. bioRxiv. 10.1101/
2021.06.14.448284). By applying this analysis strategy to
images provided by the protocol in this study with just
classic confocal imaging, a faster and completely automated
and bias-free evaluation of effacement in biopsies could
possibly be implemented in clinical pathology in the future.
Finally, it should be mentioned that other protocols exist
for imaging FP in FFPE samples, but all of these super-
resolution approaches are applied to thin sections, with
their aforementioned disadvantages (6,12). In addition, we
have previously shown that all of these published proto-
cols, including FFPE protocols presently used clinically,
require more reagents and user interactions compared with
the protocol applied in this study. We therefore believe that
our fast and simple protocol, which can be carried out with
a conventional confocal microscope, could prove beneficial
for use in routine kidney pathology in the future.
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Supplemental Figure S1. Effect of different times and tempera-
tures of the SDS delipidation step as evaluated by stimulated emis-
sion depletion (STED) imaging of the two slit diaphragm proteins
nephrin and podocin.

Supplemental Figure S2. Performance of our protocol on 10-pm
paraffin sections.

Supplemental Figure S3. Further morphometric parameters
extracted from the patients/mice in Figure 3.
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Supplemental Figure S4. Representative comparison of perfor-

mance of the Image] macro-based analysis on images acquired
with confocal and STED microscopy.

Supplemental Figure S5. Automatic assignment of region of

interest for analyzing slit diaphragm length with the Image] macro
based on a collagen IV staining.

Supplemental Figure S6. Three-dimensional confocal imaging of

a whole human glomerulus at imaging depths >100 um.

Supplemental Movie 1. 3D renderings of STED and Confocal z-

stacks of the same human glomerulus as in Figure 4, D-E.
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