nature portfolio

Peer Review File

Biomimetic fractal topography enhances podocyte
maturation in vitro

Corresponding Author: Professor Milica Radisic

This file contains all reviewer reports in order by version, followed by all author rebuttals in order by version.

Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

In this manuscript, Liu and coworkers present a study on how the fractality of a substrate morphology can condition the
quality of a culture, and stress the importance for in vitro to use substrates with patterns which mimic at best the in vivo
environment of cells (here podocytes). The methodology is appropriate to realize substrates of different features, verify
iteratively the importance of the fractal patterns and attribute the better performances to the fractality and not the substrate
roughness itself. | recommend minor suggestions for publications in Nat. Commun.:

For Fig1, | suggest to redo the Df calculation of the podocyte for the following reason: In Fig1e (iree, podocyte), the authors
count the pixels of a body (volume 2D-projection for a cell image) and not the ones of an outline (area 2D-projection for a cell
image), at the opposite of Fig1e (Koch snowflake, glomerular trace, circle, line). The issue with pixel counting on the body
instead of the outline is that Df will depend on size features which are not related to the objects fractality (such as the
thickness of the branches), therefore the estimated Df for the glomerulus may not be directly correlated to the one of the
podocyte.

Fig.3 shows that podocytes do not particularly conform to the substrate patterns with either LF or HF, but statistically forms
more apical protrusions on these topologies. It seems that fractality of the chosen patterns on the substrate mainly the
substrate roughness with the topography, which may be the direct factor for increasing the number of apical protrusions (and
is not directly related the fractality itself, which is linked to how the rough topologies organizes on the surface). In Fig.4, the
authors have attempted experimenting on rough surfaces that have low fractality (ST vs HF) and show a substantial
difference in the cultures, which brings evidence that texturing the surface is not the major asset. From the
immunofluorescence images, have the author attempted to correlate the crystallinity of the substrate pattern to the
organization of the cell bodies (and quantify by FFT how much podocytes on HF and ST are ordered)?

In Fig5, the authors show the difference in human podocyte cultures on denser fractal morphologies of the original hollow
patterns with the negative patterns and show substantial differences (actually more than the prior experience on non-fractal
textures). Can the author comment on why this case shows that a same fractality structure can generate a totally different
quality of a podocyte culture? (and is the fact that this case describe specifically human podocytes has something to do with
this?)

Please correct in the text p14 the mentions of Fig8 subfigures to Fig5 subfigures.

PCA scores in Fig6a show that a major difference in gene expression between baseline and cultures (90% variance on
PC1) and to a much lower extend some differences depending on the quality of the texture of a substrate (10% variance on
PC2, where PC1 is almost not relevant to separate data clusters NT RT and HF). Itis also noted that the statistics is very
low, containing only four datapoints per class, which make k -mean clustering very sensitive to the quality of each single
experiment, but it seems that the 3 times 4 datapoints are clearly separable into 3 clusters according to the nature of the
substrate. For further evaluating the significance of further data presented in Figé and Fig7, | am unable to judge fairly as this
part is way out my scope of expertise.

Reviewer #2

(Remarks to the Author)

This paper by Liu et al studies fractality in podocytes. Biomimetic fractal patterns derived from glomerular histology were
used to generate topographical substrates for immortalized podocytes. The finding indicates that podocyte cultures on fractal
topography seem to express higher levels of functional podocyte markers and RNA-seq data suggest that fractal culture



increases ECM remodeling with the involvement of the YAP signaling. The authors conclude that culturing cells in fractal
topography enhances cell culturing of these specialized cell types.

This work is very interesting and original and can be of interest to the community.

Nevertheless, there are important concepts and methodologies that require further analysis. In addition, the logic of the
results is very hard to follow.

1. Itis not clear from the start if the biopsies are of human or mouse origin. It is important to specify.

2. Why the mouse immortalized podocytes are used instead of the human in Fig. 1 and 2?

3. Line 184. Podocytes are not replicative cells. Proliferation is just a phenomenon of the in vitro culture. The increasing
proliferation of podocytes is not always a “positive” event for these cells. Justifying their high proliferation as processes
needed to form interdigitation does not represent the correct biology of these cells. This sentence is conceptually wrong,
please correctit.

4. Fig. 2c-e. The results for these panels are not described.

5. Legends are really minimal and it is hard to understand and connect with the result section. For example, Fig. 3 has
multiple panels describing the cells cultured in NT, RT, LF, HF. The result part does not explain why these different
substrates are chosen.

6. “Although both are exosome markers, ALIX exhibited decreased expression on HF substrates while high ALIX has been
reported in exosomes of certain cancers”. This sentence is very confusing. What is the biological relevance of this statement
in the context of this work?

7.“As nestin is shown to be upregulated to protect podocytes in response to injury, the elevated expression of nestin on HF
substrates indicates podocytes’ enhanced resilience to injury when cultured on HF topography”. This statement is not
proven Please modify.

8. For Fig. 5 itis important to specify which kind of human podocytes are used.

9. Fig. Supl 8: please correct that all the Fig explained from lines 339-350 refer to the Suppl. Fig. 8.

10. Fig. 5: Fig. 5i and 5k are not discussed in the results.

11. “primary fetal human podocytes, which is a more authentic cell source than cell lines”. Please explain this statement.
12. The RNAseq data are very confusing. It is hard to follow how many different podocyte lines were used which exp were
conducted by the Authors and which ones are public with a lot of speculative interpretation. Data should be confirmed
experimentally with WB.

13. Importantly, one of the major and important characteristics of a functional podocyte is the capability to produce
collVa3,a4,a5. To confirm that fractal topography is important as a part of the podocyte culture, it will be very important to
evaluate if this specific collagen (produced only by mature functional podocytes in the glomerulus) is actually increased.
14. Methods are sometimes confusing. Why podocytes were seeded at different concentrations? (human vs mouse).

15. Conceptually it is known that immortalized podocyte lines present with an altered integrin apparatus. How do the Authors
reconcile these differences with all the analyses focused on ECM (cell-ECM interactions)?

In conclusion, this work is very interesting, but it needs important revisions. Many affirmations on podocyte behavior are very
speculative. Some were pointed out in the comments, but generally, the paper is very speculative on the podocyte biology
and behavior in vitro. Itis very important to note, and the Authors should highlight this in the manuscript, that podocyte
biology in vitro is very different than their behavior in vivo.

In addition, parts of the results are not described, and the work is very confusing. Many experiments are proposed but they
are not explained logically.

Reviewer #3

(Remarks to the Author)

| co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is part of the Nature
Communications initiative to facilitate training in peer review and to provide appropriate recognition for Early Career
Researchers who co-review manuscripts.”

Reviewer #4

(Remarks to the Author)

In this manuscript, the authors demonstrated the presence of fractal patterns in glomeruli and podocytes and reproduced
fractal topography on cell culture substrates to analyse its effect on podocyte cell cultures. The analyses have been
performed on podocytes from 3 different sources: to assess markers expression, cell polarity, cytoskeleton arrangement the
authors used immortalized mouse podocytes, for cell morphology and sensitivity to injury immortalized human podocytes,
and finally for the effects of substrate topography on gene expression profiles, they used primary fetal human podocytes.
The conclusion of the work stated that incorporation of fractal topography into standard tissue culture plates supports higher
fidelity podocyte culture in vitro. The topic is of interest and the results are intriguing.

However, in my opinion performing the experiments on three different podocyte culture systems rather than being a benefit
for the work is a limitation. Specifically, the authors should complete all the analysis on the effects of fractal topography on
the mouse cell line (i.e. including PAN injury) and then confirm on the human podocytes the similarity of some of the effects
observed in the mouse line. The problem is particularly evident for the RNA sequencing data performed on primary fetal
human podocytes. The existence of a similarity of response to topographical stimuli between fetal and immortalized
podocytes, which could allow the transfer of the results obtained in one model to another, is not justified. In particular, the
authors stated that the primary fetal human podocytes analysed have been grown on identical substrates as reported in
previous works (and presumably with identical results of that reported in this work?). However, the works cited in support of



this assumption are a PhD dissertation (citation n. 13), an abstract (reference n. 14) and an US Patent (citation n. 15). This
may not provide adequate evidence, as not peer-reviewed papers. These results have to be published or otherwise showed
in this work reorganizing the results section.

Minor point: page 14, the citations for Figure 8 h-j are wrong.

Version 1:
Reviewer comments:
Reviewer #2

(Remarks to the Author)
The authors answered all the comments. No further revisions are suggested.

Reviewer #3

(Remarks to the Author)

| co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is part of the Nature
Communications initiative to facilitate training in peer review and to provide appropriate recognition for Early Career
Researchers who co-review manuscripts.

Reviewer #4

(Remarks to the Author)
The revised manuscript shows significant improvement; it is more detailed, comprehensive, and well-structured. The
improved flow of the results facilitates understanding of the logic underpinning the important and novel findings presented.
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We thank the Reviewers for useful and constructive comments that have enabled us to improve
our manuscript. In the letter below, the Reviewer questions are shown in italics, our responses in
the regular font and the changes to the manuscript are highlighted in red font.

REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

In this manuscript, Liu and coworkers present a study on how the fractality of a substrate
morphology can condition the quality of a culture, and stress the importance for in vitro to use
substrates with patterns which mimic at best the in vivo environment of cells (here podocytes).
The methodology is appropriate to realize substrates of different features, verify iteratively the
importance of the fractal patterns and attribute the better performances to the fractality and not
the substrate roughness itself. [ recommend minor suggestions for publications in Nat.
Commun.:

We thank the reviewer for the support.

For Figl, I suggest to redo the Df calculation of the podocyte for the following reason: In Figle
(tree, podocyte), the authors count the pixels of a body (volume 2D-projection for a cell image)
and not the ones of an outline (area 2D-projection for a cell image), at the opposite of Figle
(Koch snowflake, glomerular trace, circle, line). The issue with pixel counting on the body
instead of the outline is that Df will depend on size features which are not related to the objects
fractality (such as the thickness of the branches), therefore the estimated Df for the glomerulus
may not be directly correlated to the one of the podocyte.

We thank the Reviewer for this comment. We have repeated the Df calculation of the podocyte
and the tree using the outline, consistent with the rest of the images (Koch snowflake, glomerular
trace, circle, line). In addition, we repeated the Fast Fourier Transform (FFT) using the outline
for the podocyte and the tree to ensure the analyses are consistent across all the images. We have
updated Figure 1 in the revised manuscript and show the result of the updated analyses as
follows. The revised data still show the fractality in podocytes.

The manuscript was updated in the Results section on page 4 as follows:

“Relying on the box counting method we determined that both the mature podocyte and the
outline of a glomerulus exhibit multi-fractality, similar to that of a branching tree and of the
Koch snowflake (Fig. 1f). Whereas the non-fractal objects, a circle and a line, exhibited a Df=1
regardless of the box size, the podocyte (Df ranging from 1.62 to 1.93) and the glomerulus (Df
ranging from 1.31 to 1.73) exhibited non-integer Dfs similar to those observed for the tree (Df
from 1.65 to 1.95) and the Koch snowflake (Df from 1.27 to 1.39).”
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Fig. 1 Fractal metrics characterize architecture of podocytes and glomeruli in healthy and
diseased states. a, Koch snowflake is a typical example of fractal shape, which can be
characterized by fractal dimension (Df). N-number of self-similar pieces and r-scaling factor. b,
Cast of a glomerulus from X-ray nanotomography, reproduced with permission'®, and a single
podocyte reconstructed from serial focused ion beam/scanning electron microscope (FIB/SEM)
images, reproduced with permission!’. ¢, Original images, thresholded masks, and projected
traces of glomerulus histology with periodic acid-Schiff (PAS) staining, taken from mouse
healthy and pathological (induced anti-glomerular basement membrane glomerulonephritis)
sections. Histology reproduced with permission'®. d-i, Characterization of fractal properties in a
podocyte! and a glomerulus'*~'* in comparison to standard fractal (a tree, a Koch snowflake) and
non-fractal (a line and a circle) controls. d, Original images of the different shapes (from left to
right): tree, human podocyte (reproduced with permission'), Koch snowflake, human histological
glomerular trace (derived from a healthy sample)'*~!°, circle, line. e, Binary images of different
shapes with the background removed (unit: pixel). Outline of the tree and the human podocyte
shown. Original thickness of a circle and a line is 2 pixels, thick red color added for
visualization. f, The fractal dimension range graphed over the box size, calculated by the box-
counting method. g, FFT of the various shapes. h, Surface plotting of the FFT results. i, A profile
plot through the center of the FFT surface. FFT, fast Fourier transform. j, Schematic showing the
method previously developed!3~'* for the generation of topographical substrates with glomerulus-
mimicking pattern from design to fabrication to incorporation into standard cell culture
workflow. Table showing the different types of podocytes used in this study for various assays.

Fig.3 shows that podocytes do not particularly conform to the substrate patterns with either LF
or HF, but statistically forms more apical protrusions on these topologies. It seems that fractality
of the chosen patterns on the substrate mainly the substrate roughness with the topography,
which may be the direct factor for increasing the number of apical protrusions (and is not
directly related the fractality itself, which is linked to how the rough topologies organizes on the
surface). In Fig.4, the authors have attempted experimenting on rough surfaces that have low
fractality (ST vs HF) and show a substantial difference in the cultures, which brings evidence
that texturing the surface is not the major asset. From the immunofluorescence images, have the
author attempted to correlate the crystallinity of the substrate pattern to the organization of the
cell bodies (and quantify by FFT how much podocytes on HF and ST are ordered)?

We thank the Reviewer for this comment. We noticed that the cell body did not always align
with the substrate patterns shown by Fig. 3a as pointed out by the Reviewer. We performed FFT
on the fluorescence images showing f-actin (cytoskeleton structure), nestin (intermediate
filament), and nephrin (slit diaphragm marker) as well as on the brightfield images showing the
ST and HF substrate patterns. The crystallinity of the substrate pattern does not seem to be
reflected in the organization of these subcellular components. It does not appear that the
subcellular structures f-actin, nestin, or nephrin conform to the substrate patterns of either ST or
HF, thus we believe the main benefit of fractality is on guiding the cell attachment points, which
enables them to spread more.

The manuscript was modified as follows in the Results section on page 13:



“We additionally performed FFT on the fluorescence images visualizing f-actin (cytoskeleton
structure), nestin (intermediate filament), and nephrin (slit diaphragm marker) as well as on the
brightfield images showing the ST and HF substrate patterns to determine if the crystallinity of
the substrate pattern was reflected in the organization of these subcellular components. It did not
appear that the subcellular structures of f-actin, nestin, or nephrin strictly conformed to the
substrate patterns of either ST or HF, thus we believe the main benefit of fractality was in
guiding the cell attachment points, which enabled the cells on HF to spread more and thus re-
arrange their cytoskeleton (Supplementary Fig. 4).”
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Supplementary Fig. 4 FFT analysis of subcellular structures of mouse podocytes against
substrate patterns of ST and HF. (a, nephrin; b, nestin; ¢, f-actin) Original images, FFT, surface
plotting of the FFT results, and profile plot through the spikes (ST substrate pattern) or the center
(ST subcellular structures, HF substrate pattern, HF subcellular structures) of the FFT surface of
the substrate pattern and the immunostained structure. FFT, fast Fourier transform; ST, spiky
topography (non-fractal topographic control group with matching curvature with pointy features
at the tips of the HF pattern); HF, high fractal topography (biomimetic high fractal topographic
group derived from healthy human histological glomerular tracing).

In Fig5, the authors show the difference in human podocyte cultures on denser fractal
morphologies of the original hollow patterns with the negative patterns and show substantial
differences (actually more than the prior experience on non-fractal textures). Can the author
comment on why this case shows that a same fractality structure can generate a totally different
quality of a podocyte culture? (and is the fact that this case describe specifically human
podocytes has something to do with this?)

We thank the Reviewer for this comment. We performed new experiments to fully answer this
question comparing coverage of convex and concave patterns by a human podocyte cell line and
by dental pulp stem cells. In both cases, the coverage was lower on concave vs convex patterns.
Despite lower coverage, the Df of podocytes on concave vs convex patterns was similar.
Therefore, we concluded that the observed effects were not related to fractality but rather a
result of concave patterns (in contrast to the in vivo convex curvature) being unfavorable to cell
adhesion and proliferation.

The manuscript was modified as follows in the Results on page 16:

“In vivo glomeruli provide convex fractal topographical cues, motivating the investigation of the
effect on concave vs convex patterns on cell morphology. We obsereved a comparable cell
morphology as assessed by Df measurements in non-conditionally imortalized human podocytes
on convex vs concave fractal substrates (Supplementary Fig. 9) with a significantly higher cell
coverage on convex versus concave fractal patterns (Supplementary Fig. 9). These results were
not podocyte specific as a stromal cell type, dental pulp stem cells (DPSCs) cultured on the
concave HF substrates exhibited a lower density compared to those on the convex HF substrates
(Supplementary Fig. 9).”

The manuscript was also modified in the Discussion section page 28:

“The marked differences in cell coverage between concave and convex substrates were not
podocyte-specific and likely stem from the intrinsic unfavorability of concave geometries for cell
adhesion and proliferation, as a result of mass transfer limitations®?, rather than from fractal
features. Similar escape from concave topographies has been reported in other cell types®, with



proposed mechanisms involving altered stress fiber organization, cell migration directionality,
and focal adhesion dynamics®+%°.”

New Supplementary Figure 9 was added as follows:
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Supplementary Fig. 9 Cell coverage on concave vs convex HF patterns. a, SEM of high density
fractal concave and convex PDMS substrates. Low and high magnification shown. b,
Fluorescence microscope images of Mosaic assay with non-conditionally immortalized human
podocytes seeded at 100,000 cells/cm? and cultivated on concave and convex HF scaffolds for a
period of 5 days. ¢, Confocal microscope images and quantification of e, cell coverage and f,
morphology Df of Mosaic assay with non-conditionally immortalized human podocytes seeded
at 100,000 cells/cm? and cultivated on concave and convex HF scaffolds (n=3) for 5 days.
Regions with concave and convex HF patterns indicated by dotted circles. Student t-test used for
statistical testing. Data plotted as mean + SD. ****p<0.0001. d, Confocal microscope images
and g, quantification of cell coverage of DPSCs seeded at 50,000 cells/cm? and cultivated on
concave and convex HF scaffolds (n=3) for 2 days. Regions with concave and convex HF
patterns indicated by dotted circles. Student t-test used for statistical testing. Data plotted as
mean + SD. **p<0.01. Df, fractal dimension; DPSC, dental pulp stem cells; HF, high fractal
topography (biomimetic high fractal topographic group derived from healthy human histological
glomerular tracing).

Please correct in the text pl14 the mentions of Fig8 subfigures to Fig5 subfigures.

We thank the Reviewer for this comment. We have corrected this in the manuscript.

PCA scores in Figba show that a major difference in gene expression between baseline and
cultures (90% variance on PC1) and to a much lower extend some differences depending on the
quality of the texture of a substrate (10% variance on PC2, where PC1 is almost not relevant to
separate data clusters NT RT and HF). It is also noted that the statistics is very low, containing
only four datapoints per class, which make k -mean clustering very sensitive to the quality of
each single experiment, but it seems that the 3 times 4 datapoints are clearly separable into 3
clusters according to the nature of the substrate. For further evaluating the significance of
further data presented in Fig6 and Fig7, [ am unable to judge fairly as this part is way out my
scope of expertise.

We thank the Reviewer for this comment. In response to this and Reviewer #4’s suggestion to
perform all the analysis on the effects of fractal topography with the same cell type and in
consultation with the Editor, we have repeated all experiments with the mouse podocyte cell line.
The Editor has confirmed it is appropriate to repeat all experiments with the mouse cell line and
only show mouse data in the main manuscript files.

Specifically, we performed RNAseq using mouse E11 podocyte and increased the biological
replicates (5 for NT, 6 for RT, 6 for HF) for the mouse bulk RNAseq. For these cells, when a
larger sample size is employed, the NT group shows a separable cluster on the PC1 vs PC2 plot,
in relation to the topography groups, RT and HF, which further separate on the PC1 vs PC3 plot.
The cluster analysis shows some overlaps between the RT and HF topography groups, similar to
the PC1 vs PC2 plot. Despite the use of a conditionally immortalized, genetically modified cell



line, as a common source of podocytes, separation of groups was achieved on principal
component analysis when a larger sample size was employed.

The manuscript was modified as follows in the Results section page 18:

“To investigate transcriptomic changes underlying the effects of fractal topography, we
performed bulk RNA-seq on E11 mouse podocytes cultured for 14 days on NT, RT, and HF
substrates. Upon principal component analysis (PCA), the NT group showed a separable cluster
on the PC1 vs PC2 plot, compared to the topography groups, RT and HF, which further
separated on the PC1 vs PC3 plot, despite some overlap (Fig. 6a). Unsupervised clustering
analysis further substantiated that topographical groups were distinct from the NT group
(Supplementary Fig. 10).”
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Fig. 6 RNA sequencing data suggest that fractal topography modulates biological processes that
include ECM organization, cell adhesion and kidney development in mouse podocytes. a,
Unsupervised principal component analysis (PCA) delineating clusters in total gene expression
patterns for three substrate groups: NT, RT, and HF.
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Supplementary Fig. 10 Hierarchical heatmap of clustering analysis of RNA sequencing data
from conditionally immortalized E11 mouse podocytes after 14 days in culture on 5 NT, 6 RT, 6
HF substrates. Cluster size corresponds to the number of genes in the cluster. NT, no topography
(non-fractal non-topographic control group); RT, round topography (non-fractal topographic

control group); HF, high fractal topography (biomimetic high fractal topographic group derived
from healthy histological glomerular tracing).
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Reviewer #2 (Remarks to the Author):

This paper by Liu et al studies fractality in podocytes. Biomimetic fractal patterns derived from
glomerular histology were used to generate topographical substrates for immortalized
podocytes. The finding indicates that podocyte cultures on fractal topography seem to express
higher levels of functional podocyte markers and RNA-seq data suggest that fractal culture
increases ECM remodeling with the involvement of the YAP signaling. The authors conclude that
culturing cells in fractal topography enhances cell culturing of these specialized cell types.

This work is very interesting and original and can be of interest to the community.

Nevertheless, there are important concepts and methodologies that require further analysis. In
addition, the logic of the results is very hard to follow.

We thank the Reviewer for useful and constructive comments that have enabled us to improve
our manuscript.

1. It is not clear from the start if the biopsies are of human or mouse origin. It is important to
specify.

We thank the Reviewer for this comment. We clarify that the histology images in the original
manuscript were from human samples and those in the revised manuscript were from mouse
samples. The Editor wanted us to unify all main figures in the manuscript with a single cell
source, thus all experiments have been repeated with mouse E11 podocytes, with Editor’s
approval and presented accordingly.

We have modified the manuscript in the Result section page 4 as follows:

“To investigate the effect of fractal topography on podocyte culture in vitro, we used
topographical cell culture substrates with low and high biomimetic fractal patterns derived from
the podocyte microenvironment observed in histology slices from pathological and healthy
samples according to'*!° and as shown in Fig. 1c, j (mouse) and Supplementary Fig. 1 (mouse
and human). “

a Koch snowflake (an example of fractal object) b

ASARY

Fractal dimension (Df): a ratio for quantifying
self similarity

? . € ) AT

healthy by i @& g% Df ~1.63

war ﬁ ”f{:@
pathological %.{.3, 1%

log N ,(% @

logr

Fig. 1 Fractal metrics characterize architecture of podocytes and glomeruli in healthy and
diseased states. a, Koch snowflake is a typical example of fractal shape, which can be
characterized by fractal dimension (Df). N-number of self-similar pieces and r-scaling factor. b,
Cast of a glomerulus from X-ray nanotomography, reproduced with permission'®, and a single
podocyte reconstructed from serial focused ion beam/scanning electron microscope (FIB/SEM)
images, reproduced with permission'’. ¢, Original images, thresholded masks, and projected
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traces of glomerulus histology with periodic acid-Schiff (PAS) staining, taken from mouse

healthy and pathological (induced anti-glomerular basement membrane glomerulonephritis)

sections. Histology reproduced with permission'®.
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Supplementary Fig. 1 Histological glomerular tracing from literature images. Original images,
thresholded masks, and projected traces of glomerulus histology, taken from mouse healthy and
pathological (induced anti-glomerular basement membrane glomerulonephritis) sections stained
with periodic acid-Schiff (PAS) as well as human healthy and pathological (proliferative
glomerulopathies) sections stained with hematoxylin and eosin. Mouse histology reproduced
with permission'®. Human histology reproduced with permission®’.

2. Why the mouse immortalized podocytes are used instead of the human in Fig. I and 2?

We would like to clarify that in the original manuscript the data presented in Fig. 2-4 were from
the conditionally immortalized mouse podocyte cell line. In the revised manuscript, the mouse
podocyte cell line was chosen as the major cell type to investigate the effect of fractal
topography on podocyte culture in vitro (Fig. 2-7) in response to Reviewer #4’s suggestion, and
the Editor’s request, to perform all the analysis on the effects of fractal topography on the mouse
cell line and to present a more unified data set with a single cell type. The Editor has confirmed it

13



is appropriate to repeat all experiments with the mouse cell line and only show mouse data in the
main manuscript files. We elaborate below on why different podocytes sources were used in this
work, but emphasize that the main manuscript now consistently uses a cell source that was
approved by the Editor- conditionally immortalized mouse cells.

We used podocytes from three different cell sources: conditionally immortalized mouse cells,
non-conditionally immortalized human cells, and primary fetal human cells to show that the
fractal cue platform is effective on multiple cell sources. However, each cell source has strengths
and weaknesses. The mouse cells, due to the conditional immortalization, are able to undergo
more extensive differentiation than the non-conditionally immortalized human cells due to
thermoswitching capability. Indeed, mouse podocyte cell density was found to stabilize upon
differentiation culture, whereas the human cell line would continue to replicate past confluence
at consistent rates. We also consider this to be one reason why the human cell line, which is
advantageous due to its faster cultivation time and species relevance, to be limited in
differentiation extent: since the genetically applied immortalization that gives rise to the cell line
is always present and may not be switched off like the mouse cell line. The primary human cells
included in the RNA sequencing analyses are an unmodified cell source, however, limited in
number and immature by definition as they are fetal-derived, potentially raising ethical concerns
about their wide-spread use. By including all three cell sources we consider to have a more
balanced view on the biophysical phenomena we observe in our system.

We have modified Figure 1 to better delineate the use of the 3 podocyte sources in different
assays. The manuscript was modified in the Results section on page 4 as follows:

“To demonstrate generalizability of the approach, we used conditionally immortalized mouse
podocytes as a main cell type fully characterized by immunofluorescence staining, scanning
electron microscopy (SEM), Western blotting and RNA sequencing (Fig. 2-8, Supplementary
Fig. 2-4, Supplementary Fig. 10-12), with select assays confirmed by the non-conditionally
immortalized human podocytes (Supplementary Fig. 6-9, Supplementary Fig. 15) and primary
fetal human podocytes (Supplementary Fig. 13-15, Fig. 1j).”
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Fig. 1 Fractal metrics characterize architecture of podocytes and glomeruli in healthy and
diseased states ....j, Schematic showing the method previously developed!>!> for the generation
of topographical substrates with glomerulus-mimicking pattern from design to fabrication to
incorporation into standard cell culture workflow. Table showing the different types of podocytes
used in this study for various assays.

After analyzing the strengths and weaknesses of each cell source, we chose mouse cells as the
primary source for most experiments required in this revision, with the Editor’s approval.

3. Line 184. Podocytes are not replicative cells. Proliferation is just a phenomenon of the in vitro
culture. The increasing proliferation of podocytes is not always a “positive” event for these
cells. Justifying their high proliferation as processes needed to form interdigitation does not
represent the correct biology of these cells. This sentence is conceptually wrong, please correct
it.

The Reviewer is correct. Proliferation is only present in this work due to the use of immortalized
mouse or human cell lines, as discussed above. In vivo, terminally differentiated podocytes
should not proliferate. We have removed this sentence and edited the revised manuscript as
follows in the Results section on page 8 as follows:

“Due to the use of a conditionally immortalized mouse podocyte cell line, the cells grown on the
NT substrates demonstrated increased coverage as a result of faster proliferation, compared to
the cells grown on topographical substrates (RT, LF, HF) (Fig. 2d). This proliferative behavior is
not consistent with the podocyte behavior in vivo, where adult mature podocytes should not
proliferate. Besides less proliferation, the cells grown on fractal topography (LF, HF) resembled
more closely the expected in vivo phenotype as shown by the increased expression of podocin, a
podocyte-specific marker essential for the slit diaphragm formation.”
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We further discuss proliferation as a phenomenon of in vitro culture in the Discussion section
page 28:

“We validated our findings here by considering three cell sources: conditionally immortalized
mouse podocyte line, non-conditionally immortalized human podocyte line, and primary human
fetal podocytes®®, with varied proliferation rates, genetic fidelity, and physiological relevance.
The conditionally immortalized mouse podocyte cell line has a thermoswitching

mechanism to deactivate the forced cell cycle progression and allow differentiation over longer
cultivation periods, e.g. 14 days. The non-conditionally immortalized human cells do not have
such a mechanism; they keep proliferating past confluence, limiting the ability to achieve a fully
differentiated phenotype and requiring a shorter cultivation period before overcrowding (~ 5
days). The primary podocytes are genetically unmodified, however, limited in number.”

4. Fig. 2c-e. The results for these panels are not described.

We thank the Reviewer for this comment. We have corrected the reference to figure panel and
added more description to Fig. 2e in the revised manuscript as follows Results, page 7 and 8:

“The surface features of the substrates from these different groups can be clearly visualized
under SEM and 3D digital microscopy (Fig. 2a), with an increasing Df from the non-fractal RT
control group to the fractal LF and HF groups as expected (Fig. 2b).

Although in early cultures (Day 3) HF substrates did not appear to have substantial podocin
expression (Fig. 2d, e), as the culture time increased, fractal substrates exhibited a clear increase
in podocin expression over flat substrates, whereas cells on flat substrates exhibited low levels of
podocin expression, and no significant improvement in podocin expression between Day 3 and
Day 14 (Fig. 2d, e). Both fractal substrates (LF and HF) had greater podocin expression than the
non-fractal topographical control (RT) on Day 14 (Fig. 2d, e), suggesting the potential role of
biomimetic fractal patterns in stimulating E11 mouse podocytes’ differentiation to a more mature
state. We additionally assessed the gene expression of another slit diaphragm marker, nephrin
(Nphsl), from E11 podocytes grown on NT and HF substrates by quantitative polymerase chain
reaction (qPCR) and found a significantly enhanced expression on HF compared to the NT
control (Fig. 2¢). “

5. Legends are really minimal and it is hard to understand and connect with the result section.
For example, Fig. 3 has multiple panels describing the cells cultured in NT, RT, LF, HF. The
result part does not explain why these different substrates are chosen.

We thank the Reviewer for this comment. In Nature Communications, each figure legend

(caption) is limited to 350 words and due to the multi-panel figures, it is difficult to describe each
panel in great detail. Yet, we added more description in the figure legends by specifying the
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types of cells used for each panel and introducing each substrate group used with a short
description.

The reason for choosing NT, RT, LF, and HF substrates is now clearly stated upfront, before the
results for Figure 2 are discussed. We hypothesized that the arrangement of ECM proteins,
facilitated by fractal topographical cues, could mediate assembly of podocyte structures involved
in polarization. To test our hypothesis, we used identical substrate groups to culture mouse
podocytes. These four substrate groups are the non-fractal non-topographic NT control, the non-
fractal round topographic RT control, the biomimetic low and high fractal topographic LF and
HF groups obtained from tracing the outline of pathological and healthy histological glomerulus
respectively.

The manuscript was modified in the Results section on page 7 as follows: “To test the hypothesis
that fractal topographical cues could mediate assembly of podocyte structures, four substrate
groups were used'*1°: the non-fractal non-topographic control (NT), the non-fractal round
topographic control (RT), the biomimetic low (LF) and high (HF) fractal topographic groups
described above, each with a diameter of ~150 um, resembling a glomerular slice.

6. “Although both are exosome markers, ALIX exhibited decreased expression on HF substrates
while high ALIX has been reported in exosomes of certain cancers”. This sentence is very
confusing. What is the biological relevance of this statement in the context of this work?

We have removed this sentence from the manuscript.

7. “As nestin is shown to be upregulated to protect podocytes in response to injury, the elevated
expression of nestin on HF substrates indicates podocytes’ enhanced resilience to injury when
cultured on HF topography . This statement is not proven Please modify.

We have removed this sentence from the manuscript.

8. For Fig. 5 it is important to specify which kind of human podocytes are used.

We thank the Reviewer for this comment. We have specified in the text and the figure caption in
the revised manuscript that the non-conditionally immortalized PODO/TERT256 human
podocyte cell line is used for Fig. 5 in the original manuscript, which is now Supplementary
Fig. 7 and 8 in the revised manuscript.

The manuscript is modified in the Results section page 16:

“Nearly identical results were obtained when the non-conditionally immortalized human
podocytes (PODO/TERT256) were used in the Mosaic assay (green fluorescent protein (GFP)
labelled) on fractal plates (Supplementary Results, Supplementary Fig. 6-8).”

The cell line is also specified in the Supplementary Results Section 1 (page 53 of the comined
file):
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“We used the PODO/TERT256 human podocyte cell line culture to demonstrate versatility of
cell sources on fractal patterns.”

and in the Methods section page 31, second paragraph:

“Podocyte Culture: The conditionally immortalized murine podocyte E11 cell line was a
generous gift from GSK. Murine podocyte E11 cell line was expanded in flasks coated with 0.1
mg/ml rat tail collagen I (Corning, #354236) under the proliferative condition at 33°C with 10
units/mL mouse interferon gamma (Thermo Scientific, PMC4031) supplemented in fresh in
RPMI 1640 basal media containing HEPES and GlutaMAX (Gibco, #72400120) with 10% FBS
and 1% pen-strep. To induce differentiation, cells were cultured under the differentiation
condition at 37 or 38°C in DMEM-F12 basal media (Gibco, #11330032) with 10% FBS and 1%
pen-strep. The immortalized PODO/TERT256 human podocyte cell line (Evercyte) was
expanded in flasks coated with 6 pg/cm? human collagen I (Sigma, C7774) at 37°C in
MCDBI131 basal media (Gibco, #10372019) supplemented with 20% FBS, 2 mM GlutaMAX
(Gibco, #35050061), 12 pg/mL Bovine Brain Extract (Lonza, CC-4098), 10 ng/mL hEGF
(Sigma-Aldrich, E9644), 25 ng/mL hydrocortisone (Sigma-Aldrich, Cat# H0396), and 100
pg/mL G418 (InvivoGen, ant-gn-5). For both mouse and human podocyte cell lines, media was
changed every 2-3 days.”

Revised Figure 1j now also clearly shows which cell lines have been used for what assays

Podocyte cell :‘:‘.‘:"v;‘"l:," CORCEVe . RNA | Inhibition

type fractal topography sequencing study

mouse line v v v
E11

human line ) v v ) v

TERT256
primary fetal v
human > 2 2

9. Fig. Supl 8: please correct that all the Fig explained from lines 339-350 refer to the Suppl.
Fig. 8.

We thank the Reviewer for catching this omission. The Fig. 8 subfigures from lines 344-350 in
the original manuscript should refer to Fig. 5 subfigures in the original manuscript (which is now
Supplementary Fig. 7 and 8 in the revised manuscript) which was also pointed out by the other
Reviewers. We have corrected the figure reference in the revised manuscript.

10. Fig. 5: Fig. 5i and 5k are not discussed in the results.
We thank the Reviewer for this comment. We have added more context in the revised manuscript

as follows. The figure numbers have changed as Fig. 5i-k in the original manuscript has been
moved to supplementary materials, Supplementary Figure 8).
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The manuscript is modified in the Results section page 16:

“Nearly identical results were obtained when the non-conditionally immortalized human
podocytes (PODO/TERT256) were used in the Mosaic assay (green fluorescent protein (GFP)
labelled) on fractal plates (Supplementary Results, Supplementary Fig. 6-8).”

These data are described in greater detail in Supplementary Results Section 1 (page 53 of the
combined file):

“Mosaic human podocyte cell line demonstrated a more in vivo-like morphology on the fractal
plate, as reflected by a more branched, higher Df and less elongated morphology (lower aspect
ratio) (Supplementary Fig. 8a). Upon application of nephrotoxic agent PAN, fractal dimension,
Df, and aspect ratio of human podocytes diminished significantly (Supplementary Fig. 8b). The
injured cells on both the standard and the fractal plates ultimately shrank to a round shape in
response to the PAN injury and consequently had similar values for the aspect ratio of the cell
morphology, with the cells on the standard flat substrate starting at a much higher aspect ratio
due to their more elongated morphology and thus a greater decrease in the aspect ratio upon
injury compared to the cells on the fractal plate (Supplementary Fig. 8).”

a Without PAN With PAN b . *ok ok

©®
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Aspect ratio
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Fractal

Supplementary Fig. 8 Drug testing performed on Mosaic human podocyte line cultured on flat
(NT) and fractal (HF) substrates, using a known podotoxin PAN. a, Confocal microscope images
of Mosaic assay with non-conditionally immortalized PODO/TERT256 human podocyte cell line
cultured on the standard and fractal well plates, with and without PAN-induced injury. b,
Quantification of cell morphology, Df and aspect ratio in Mosaic assay with non-conditionally
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immortalized human podocytes cultivated on the standard and fractal well plates, with and
without PAN-induced injury. n=3 samples per group. Data plotted as mean £ SD.
Student’s/Welch’s t test or Mann-Whitney nonparametric test was performed for statistical
analysis. ¥**¥*p<0.001, ****p<0.0001. GFP, green fluorescent protein. PAN, puromycin
aminonucleoside. Df, fractal dimension. HF, high fractal topography (biomimetic high fractal
topographic group derived from healthy histological glomerular tracing).

11. “primary fetal human podocytes, which is a more authentic cell source than cell lines”.
Please explain this statement.

As elaborated in response to question 3, we used podocytes from three different cell sources:
conditionally immortalized mouse cells, non-conditionally immortalized human cells, and
primary fetal human cells to show that the fractal cue platform is effective on multiple cell
sources. However, each cell source has strengths and weaknesses. The mouse cells, due to the
conditional immortalization, are able to undergo more extensive differentiation than the non-
conditionally immortalized human cells due to thermoswitching capability. Indeed, mouse
podocyte cell density was found to stabilize upon differentiation culture, whereas the human cell
line would continue to replicate past confluence at consistent rates. We also consider this to be
one reason why the human cell line, which is advantageous due to its faster cultivation time and
species relevance, to be limited in differentiation extent: since the genetically applied
immortalization that gives rise to the cell line is always present and may not be switched off like
the mouse cell line. The primary human cells included in the RNA sequencing analyses are an
unmodified cell source, however, limited in number and immature by definition as they are fetal-
derived, potentially raising ethical concerns about their wide-spread use.

The text was modified as follows in the Discussion section page 28:
“The primary podocytes are genetically unmodified, however, limited in number”

12. The RNAseq data are very confusing. It is hard to follow how many different podocyte lines
were used which exp were conducted by the Authors and which ones are public with a lot of
speculative interpretation. Data should be confirmed experimentally with WB.

The original manuscript contained just one RNAseq dataset, which was from primary fetal
human podocytes generated by a previous student from our lab and which is published in her
thesis and is publicly accessible. We agree with the Reviewer that it is confusing to move from
one to another cell source in the main manuscript. We have therefore performed all the revision
work, with Edtior’s approval, with the conditionally immortalized mouse cell line. This included
re-doing RNA sequencing on conditionally immortalized mouse podocytes (E11). The
corresponding analyses have been added to the revised manuscript.

The mouse RNAseq data are presented in Fig. 6, Supplementary Fig. 1-12 and discussed below

in response to Reviewer #4. The manuscript was modified in the Results section pages 18-23 as
follows:

20



“2.6 RNA sequencing points to podocyte maturation on fractal substrates

To investigate transcriptomic changes underlying the effects of fractal topography, we performed
bulk RNA-seq on E11 mouse podocytes cultured for 14 days on NT, RT, and HF substrates.
Upon principal component analysis (PCA), the NT group showed a separable cluster on the PC1
vs PC2 plot, compared to the topography groups, RT and HF, which further separated on the
PC1 vs PC3 plot, despite some overlap (Fig. 6a). Unsupervised clustering analysis further
substantiated that topographical groups were distinct from the NT group (Supplementary Fig.
10). When examining the differences in gene expression among the three culture substrates, we
identified 418 genes significantly altered only in the RT vs NT comparison, 146 genes
significantly altered only in HF vs NT, and 96 genes significantly different in only HF vs RT
(Fig. 6b).

Volcano plots further demonstrated notable significant differences in gene expression amongst
the groups (Fig. 6¢). Comparison of HF vs NT substrates revealed that HF promoted podocyte
differentiation, marked by downregulation of developmental regulators and cytoskeletal genes
associated with immature states, specifically downregulation of embryonic Nr2f2?%, and
upregulation of Dusp6®°. Yet, there were signs of incomplete maturation and possible stress
induced by topographic stimulation, as observed through the

activation of Haver*® and Sel1/3*'*? indicating that not all cells achieved a mature podocyte
phenotype. Topographical groups exhibited a significantly higher expression of genes associated
with cytoskeleton organization, Actn4 (connecting the focal adhesion to the actin cytoskeleton in
foot processes®>**) and Nes (intermediate filament®>), both of which were reported to be enriched
in human and mouse late-stage podocytes®®. Among the genes that had the highest expression in
HF was Srgap (SLIT-ROBO Rho GTPase-activating protein 1), that encodes a
mechanosensitive protein important in foot process maintenance®’. Furthermore, the gene
expression changes observed on the HF vs RT topography suggest enhanced maturation with
fractal vs round topography marked by downregulation of Ncam I (neural cell adhesion molecule
1), which is high in renal precursors but downregulates in mature kidney epithelia®®“°.
Significant downregulation of Dkk3 in HF vs RT also supports enhanced maturation, as it is
expressed in the developing kidney but largely silenced in mature podocytes* 3.

Concurrently, several gene changes were characteristic of podocyte stress, e.g. the increase in
Ndrgl1*, Ppbp (Cxcl7)*, and Agt*® with a decrease in Ace2*’*® and Chs** on HF. Mechanical
strain on podocytes is known to trigger local angiotensinogen production and cytoskeletal strain,
similar to what we see with enhanced expression of Agf and Actn3 in HF vs RT. Collectively,
this implies that although the cells are differentiating, the fractal substrate might be imposing
mechanical stress.

Compared to the NT group, the HF group exhibited enriched gene ontology (GO) terms among
upregulated genes related to angiogenesis, cell-substrate adhesion, wound response, positive
regulation of migration and motility, basement membrane organization, ECM components, stress
fibers, actin filaments, adhesion junctions, integrin binding, and growth factor binding (Fig. 6d,
Supplementary Fig. 11), all of which are consistent with the improved morphology observed in
HF vs NT. Many of these GO terms enriched among upregulated genes were similarly observed
in the RT vs NT comparison, pointing to the importance of topography in general
(Supplementary Fig. 11). Yet, when comparing HF vs RT, the HF group uniquely expressed
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signs of podocyte developmental maturation, such as enrichment of GO terms from upregulated
genes related to kidney development, metanephros development, branching involved in ureteric
bud morphogenesis (Fig. 6d) and enrichment of non-podocyte GO terms among the
downregulated genes such as mesenchymal cell differentiation, neural development, ossification,
stem cell development and tubule development (Fig. 6d). Overall, the RT group appeared to
support the highest ECM deposition, as ECM, anchoring junction and adherens junction GO
terms were enriched among downregulated genes in HF vs RT comparison (Fig. 6d). Yet, there
were also some signs of stress in the HF group, such as complement activation GO term
enrichment from upregulated genes in the HF vs RT comparison, requiring further investigation
(Fig. 6d).

The gene expression of major and minor components in the glomerular basement membrane
(GBM)* was increased in the topographical groups (RT and HF) compared to the NT group
(Fig. 6e). HF group consistently clustered in between NT and RT, which may be beneficial in
preventing over-deposition of the matrix that is often related to fibrosis and
glomerulosclerosis®!*2. Among the genes that encode an important collagen IV heterotrimer
col(IV)a3a4a5 in adult kidneys only produced by podocytes, both the RT and the HF groups
showed higher expression than the NT group, with a significant increase in Co/4a4 and Col4a5
expression in the RT group.

Furthermore, we compared transcriptomes from NT, RT, and HF groups to developing and adult
mouse podocytes by generating a hierarchical heatmap of genes elevated >5-fold in adult vs
embryonic (E13.5) podocytes or podocytes vs kidney cortex>®, and differentially expressed
across topographies (Fig. 6f). The HF group exhibited balanced, uniformly elevated expression
of these significantly upregulated genes, whereas the RT and the NT groups had some of these
genes upregulated and others downregulated (Fig. 6f). It appeared that genes elevated in the RT
group, were downregulated in the NT group and vice-versa.

On HF platform many genes were expressed at a level between adult and embryonic podocytes,
however some important genes adult podocyte genes, such as Srgap! were increased on HF
platform. Thus, HF provided finely tuned and uniformly activated gene expression. Similar
findings were observed with significant integrin gene expression (Supplementary Fig. 12).

Comparison of RNA-seq data from mouse cell line (Fig. 6, Supplementary Fig. 10-12) and
primary human podocytes (Supplementary Fig. 13, 14) revealed concordant trends in PCA
clustering and GO enrichment, including genes related to ECM organization and cell adhesion
(Supplementary Fig. 11a, ¢, 13j, k), with the kidney specific GO terms appearing in the HF vs
RT comparison for mouse (Fig. 6d) and in the HF vs NT comparison for human
(Supplementary Fig. 13j). In the top enriched GO terms among the genes downregulated in HF
compared to NT, several metabolic processes showed up in both mouse and human data
(Supplementary Fig. 11b, d, 130). Despite similarities, some differences emerged. In a curated
podocyte-related significant gene list from the human RNA-seq dataset (Supplementary Fig.
13q), only five makers were also significant in the mouse podocyte RNA-seq (Mmp2, Lamas,
Timpl, Lama?2, Angptl). This gap in matching findings between late and early mouse vs human
podocytes has been recognized before*®. Taken together, our RNA-seq analyses from both
conditionally immortalized mouse podocyte line and primary fetal human podocytes showed
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upregulation of genes associated with ECM, cell adhesion, and kidney development in the HF
group, compared to the RT and NT groups.
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Fig. 6 RNA sequencing data suggest that fractal topography modulates biological processes that
include ECM organization, cell adhesion and kidney development in mouse podocytes. a,
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Unsupervised principal component analysis (PCA) delineating clusters in total gene expression
patterns for three substrate groups: NT, RT, and HF. b, Venn diagram of differentially expressed
genes in the three substrate groups (NT, RT and HF) compared to each other. ¢, Volcano plots of
up-, down-regulated and not significantly differentially expressed genes compared between HF
vs NT, RT vs NT, and HF vs RT. d, Top enriched gene ontologies (GO) terms from significantly
upregulated and downregulated genes in HF vs RT. e, Heatmap showing unsupervised
hierarchical clustering of glomerular basement membrane genes extracted from*. f, Genes that
are at least 5-fold upregulated in development in either adult vs developing podocytes or
podocytes vs kidney cortex were identified from a previous study (mouse microarray data
from™?). The heatmap shows unsupervised hierarchical clustering of those genes, provided they
were differentially expressed, in HF, RT and NT group. RNA sequencing data from conditionally
immortalized E11 mouse podocytes after 14 days of differentiation on 5 NT, 6 RT, 6 HF
substrates was used for analysis. NT, no topography (non-fractal non-topographic control group);
RT, round topography (non-fractal topographic control group); HF, high fractal topography
(biomimetic high fractal topographic group derived from healthy histological glomerular
tracing). *
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To further confirm the RNAseq data from the mouse podocytes, we performed Western blot of
an important glomerular basement membrane protein, COL4A4. We validated the presence of
the COL4A4 protein. RNAseq data showed increased expression of Col/4a4 for both RT vs NT
(significant) and HF vs NT (not significant). Western blot of COL4A4 showed no significant
differences among all the substrate groups, with a slight upward trend towards HF. As there are
still quite a few post-transcriptional modulations of expression, we expect some discrepancies
between gene and protein expression in the data, yet Western blot analysis successfully
confirmed the protein presence.

The manuscript was modified as follows in the Results section on page 10:
“Western blotting validated the presence of an important glomerular basement membrane protein
expressed by mature podocytes, COL4A4 (Fig. 3e, f, Supplementary Fig. 3b).”
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Supplementary Figure 3b b, Full blot of COL4A4 (top band) and GAPDH (bottom band) from
mouse podocytes cultivated on NT, RT, LF and HF scaffolds. n=6
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Fig. 4f Quantification of COL4A4 signal from Western blot (normalized to GAPDH) from
mouse podocytes cultivated on NT, RT, LF and HF scaffolds. n=6 scaffold samples. One-way
ANOVA used for statistical testing.

13. Importantly, one of the major and important characteristics of a functional podocyte is the
capability to produce collVa3,a4,a5. To confirm that fractal topography is important as a part of
the podocyte culture, it will be very important to evaluate if this specific collagen (produced only
by mature functional podocytes in the glomerulus) is actually increased.

The Reviewer has a valid point. In the revised manuscript, we comprehensively examined the
expression of glomerular basement membrane (GBM) genes from the new RNAseq data on
mouse E11 podocytes. The manuscript was modified in the Results section (page 20) as follows:

“The gene expression of major and minor components in the glomerular basement membrane
(GBM)* was increased in the topographical groups (RT and HF) compared to the NT group
(Fig. 6e). HF group consistently clustered in between NT and RT, which may be beneficial in
preventing over-deposition of the matrix that is often related to fibrosis and
glomerulosclerosis®!>2. Among the genes that encode an important collagen IV heterotrimer
col(IV)a3a4a5 in adult kidneys only produced by podocytes, both the RT and the HF groups
showed higher expression than the NT group, with a significant increase in Co/4a4 and Col4a5
expression in the RT group.

Furthermore, we compared transcriptomes from NT, RT, and HF groups to developing and adult
mouse podocytes by generating a hierarchical heatmap of genes elevated >5-fold in adult vs
embryonic (E13.5) podocytes or podocytes vs kidney cortex®®, and differentially expressed
across topographies (Fig. 6f). The HF group exhibited balanced, uniformly elevated expression
of these significantly upregulated genes, whereas the RT and the NT groups had some of these
genes upregulated and others downregulated (Fig. 6f). It appeared that genes elevated in the RT
group, were downregulated in the NT group and vice-versa.

On HF platform many genes were expressed at a level between adult and embryonic podocytes,
however some important genes adult podocyte genes, such as Srgapl were increased on HF
platform. Thus, HF provided finely tuned and uniformly activated gene expression. Similar
findings were observed with significant integrin gene expression (Supplementary Fig. 12).”
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Fig. 6 RNA sequencing data suggest that fractal topography modulates biological processes that
include ECM organization, cell adhesion and kidney development in mouse podocytes. ........ e,
Heatmap showing unsupervised hierarchical clustering of glomerular basement membrane genes
extracted from™. f, Genes that are at least 5-fold upregulated in development in either adult vs
developing podocytes or podocytes vs kidney cortex were identified from a previous study
(mouse microarray data from>?). The heatmap shows unsupervised hierarchical clustering of
those genes, provided they were differentially expressed, in HF, RT and NT group. RNA
sequencing data from conditionally immortalized E11 mouse podocytes after 14 days of
differentiation on 5 NT, 6 RT, 6 HF substrates was used for analysis. NT, no topography (non-
fractal non-topographic control group); RT, round topography (non-fractal topographic control
group); HF, high fractal topography (biomimetic high fractal topographic group derived from
healthy histological glomerular tracing).

14. Methods are sometimes confusing. Why podocytes were seeded at different concentrations?
(human vs mouse).

Seeding concentrations were different depending on if mouse or human podocytes were used.
But importantly within the same cell type, different topographical substrates received the same
seeding concentration. These points are now elaborated on in the Discussion section page 28:

“We validated our findings here by considering three cell sources: conditionally immortalized
mouse podocyte line, non-conditionally immortalized human podocyte line, and primary human
fetal podocytes®®, with varied proliferation rates, genetic fidelity, and physiological relevance.
The conditionally immortalized mouse podocyte cell line has a thermoswitching

mechanism to deactivate the forced cell cycle progression and allow differentiation over longer
cultivation periods, e.g. 14 days. The non-conditionally immortalized human cells do not have
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such a mechanism; they keep proliferating past confluence, limiting the ability to achieve a fully
differentiated phenotype and requiring a shorter cultivation period before overcrowding (~ 5
days). The primary podocytes are genetically unmodified, however, limited in number. The
published RNA-seq data used for the analysis here were generated from human gestation week
19 podocytes (Lonza)'*!° % which are still relatively immature and proliferative. Thus,
achieving ~80% to full confluence—where phenotypes stabilize without overgrowth—required
cell type-specific seeding and culture protocols. Mouse podocytes were cultured for >14 days at
a seeding density of 50,000 cells/cm?, while human lines reached confluence within 5 days at a
seeding density of 50,000 or 100,000 cells/cm?. Notably, for each cell type, all topographies
received identical seeding densities.”

15. Conceptually it is known that immortalized podocyte lines present with an altered integrin
apparatus. How do the Authors reconcile these differences with all the analyses focused on ECM
(cell-ECM interactions)?

The Reviewer is correct, immortalized podocytes do differ with respect to primary podocytes.
We would like to clarify that in the original manuscript the RNAseq analysis focusing on ECM
(cell-ECM interactions) was performed on RNAseq data collected from primary fetal human
podocytes.

In the revised manuscript, we added RNAseq data on the mouse podocyte cell line (E11) in
response to Reviewer #4’s suggestion and the Editor’s approval to perform all the analyses of the
effects of fractal topography on the mouse cell line and to present a more unified data set with a
single cell type in the main manuscript. Although we agree with the Reviewer, we also note that
conditionally immortalized podocyte cell lines have been used to investigate integrin functions or
podocyte biology involving integrin in several previous studies *© .

Fortunately, we found similar trends in the human primary podocytes and mouse podocyte cell
line (E1) RNAseq analysis. Specifically, in both cases ECM/cell-ECM related GO terms were
upregulated in the HF vs. NT and RT vs. NT comparisons (Supplementary Figure 11 and 13,
with important parts copied below as Rebuttal Figure 1). We think the RNAseq analysis
performed using the primary fetal human podocytes can support the ECM/cell-ECM related
findings and are encouragingly consistent with the mouse RNAseq analyses. The manuscript is
modified as shown below:
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Significantly upregulated GO terms from mouse podocyte cell line (E11), Supplementary Figure 11
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Significantly upregulated GO terms from primary human fetal podocytes, Supplementary Figure 13
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Rebuttal Figure 1. Comparison of significantly upregulated GO terms in mouse (E11) and
primary fetal human podocytes.

The manuscript was modified in the Results section (page 19) as follows:

“Compared to the NT group, the HF group exhibited enriched gene ontology (GO) terms among
upregulated genes related to angiogenesis, cell-substrate adhesion, wound response, positive
regulation of migration and motility, basement membrane organization, ECM components, stress
fibers, actin filaments, adhesion junctions, integrin binding, and growth factor binding (Fig. 6d,
Supplementary Fig. 11), all of which are consistent with the improved morphology observed in
HF vs NT. Many of these GO terms enriched among upregulated genes were similarly observed
in the RT vs NT comparison, pointing to the importance of topography in general
(Supplementary Fig. 11). “

The manuscript was also modified in the Results section on page 21 as follows:

“Comparison of RNA-seq data from mouse cell line (Fig. 6, Supplementary Fig. 10-12) and
primary human podocytes (Supplementary Fig. 13, 14), revealed concordant trends in PCA
clustering and GO enrichment, including genes related to ECM organization and cell adhesion
(Supplementary Fig. 11a, ¢, 13j, k), with the kidney specific GO terms appearing in the HF vs
RT comparison for mouse (Fig. 6d) and in the HF vs NT comparison for human
(Supplementary Fig. 13j).”

“Comparison of RNA-seq data from mouse cell line (Fig. 6, Supplementary Fig. 10-12) and
primary human podocytes (Supplementary Fig. 13, 14) revealed concordant trends in PCA
clustering and GO enrichment, including genes related to ECM organization and cell adhesion
(Supplementary Fig. 11a, c, 13j, k), with the kidney specific GO terms appearing in the HF vs
RT comparison for mouse (Fig. 6d) and in the HF vs NT comparison for human
(Supplementary Fig. 13j).“

The manuscript was modified as follows in the Discussion section page 28:

“Whereas conditionally immortalized podocyte lines have been widely used to study integrin
function and cell-matrix interactions®’ ", these transformed cells differ substantially from native
podocytes in vivo. Nonetheless, RNA-seq analyses of human fetal primary podocytes and a non-
conditionally immortalized mouse podocyte line revealed consistent upregulation of ECM and
cell-ECM-related GO terms in HF vs. NT and RT vs. NT comparisons, supporting the relevance
of our findings.”
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Supplementary Fig. 12 Hierarchical heatmap showing unsupervised clustering of integrin
genes, provided they were differentially expressed, in HF, RT and NT group. RNA sequencing
data from conditionally immortalized E11 mouse podocytes after 14 days in culture on 5 NT, 6
RT, 6 HF substrates was used for analysis. NT, no topography (non-fractal non-topographic
control group); RT, round topography (non-fractal topographic control group); HF, high fractal
topography (biomimetic high fractal topographic group derived from healthy histological
glomerular tracing).

In conclusion, this work is very interesting, but it needs important revisions. Many affirmations
on podocyte behavior are very speculative. Some were pointed out in the comments, but
generally, the paper is very speculative on the podocyte biology and behavior in vitro. It is very
important to note, and the Authors should highlight this in the manuscript, that podocyte biology
in vitro is very different than their behavior in vivo.

The Reviewer is correct. In the revised manuscript, we have added important validation studies
listed below:

e Bulk RNA sequencing on the mouse podocyte cell line (E11) cultivated on the NT, RT,
and HF substrates, demonstrating the changes in the gene expression profiles of mouse
podocytes in response to fractal topography. In general, agreement with the findings of
the RNAseq of human primary fetal podocytes were identified. New Figure 6 and
Supplementary Figure 10-12 were added to the revised manuscript as a result of this
work.

e  Western blot of COL4A4 from mouse podocyte cell line cultivated on the NT, RT, LF,
and HF substrates, verifying the protein presence. The new data are shown in the re vised
Figure 3e,f and Supplementary Figure 6b.

e YAP inhibition study on the mouse podocyte cell line cultivated on the HF substrates,
demonstrating the role of YAP in maintaining podocyte morphology on fractal substrates.
New Figure 7 in the revised manuscript shows the data.

e PAN injury study on the mouse podocyte cell line cultivated on the NT and HF
substrates, showing that the readouts of cellular injury in response to PAN are more
clearly demonstrated on the HF substrates. These data are added to the revised Figure
5e,f and
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e Comparison of cell coverage and distribution on concave versus convex HF substrates
using a different cell type (DPSC, dental pulp stem cells), confirming higher cell
coverage on convex topography is not related to a specific cell phenotype (podocyte).
These data are added to the Supplementary Figure 9.

We have removed the speculative sentences as pointed out in the comments above. We also note
in the Discussion of the revised manuscript that the podocyte biology in vitro is very different
from their behavior in vivo. Given podocyte cell lines were used in this study, their maturation
level was far from that of native podocytes and it is indeed challenging to mimic native podocyte
characteristics with the cell lines. To verify and confirm the podocyte behaviors in response to
fractal cues, we used multiple techniques (RNAseq, qPCR, Western blotting, immunostaining
with confocal imaging) to examine the key podocyte markers and important phenotypic
characteristics, their morphology, as well as their interactions with the substrates. We believe
these techniques provide a comprehensive evaluation.

The manuscript was modified in the Results section on page 4 as follows:

“To demonstrate generalizability of the approach, we used conditionally immortalized mouse
podocytes as a main cell type fully characterized by immunofluorescence staining, scanning
electron microscopy (SEM), Western blotting and RNA sequencing (Fig. 2-8, Supplementary
Fig. 2-4, Supplementary Fig. 10-12), with select assays confirmed by the non-conditionally
immortalized human podocytes (Supplementary Fig. 6-9, Supplementary Fig. 15) and primary
fetal human podocytes (Supplementary Fig. 13-15, Fig. 1j).”

Discussion page 26:

“Notably, in vitro podocyte biology displays limited resemblance to its native counterparts, with
significantly reduced maturation and challenges in recapitulating key physiological features. To
verify the podocyte behavior in response to fractal cues in a comprehensive manner, we used
multiple techniques (immunostaining with confocal imaging, qPCR, Western blotting and RNA-
seq) to examine the key markers, important phenotypic characteristics, their morphology, and
their interactions with the substrates.”

In addition, parts of the results are not described, and the work is very confusing. Many
experiments are proposed but they are not explained logically.

We thank the Reviewer for useful and constructive comments that have enabled us to improve
our manuscript. We have added more descriptions and discussions of the results in response to
the comments above to improve the readability and logic of the manuscript. We now use a
single cell line (conditionally immortalized mouse podocytes), at a single cell seeding density
and for 14 days of culture in the main manuscript. We hope this improves readability of the
manuscript and thank one more time the Reviewer for the support.

33



Reviewer #3 (Remarks to the Author):

I co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is
part of the Nature Communications initiative to facilitate training in peer review and to provide
appropriate recognition for Early Career Researchers who co-review manuscripts.

Reviewer #4 (Remarks to the Author):

In this manuscript, the authors demonstrated the presence of fractal patterns in glomeruli and
podocytes and reproduced fractal topography on cell culture substrates to analyse its effect on
podocyte cell cultures. The analyses have been performed on podocytes from 3 different sources:
to assess markers expression, cell polarity, cytoskeleton arrangement the authors used
immortalized mouse podocytes, for cell morphology and sensitivity to injury immortalized human
podocytes, and finally for the effects of substrate topography on gene expression profiles, they
used primary fetal human podocytes.

The conclusion of the work stated that incorporation of fractal topography into standard tissue
culture plates supports higher fidelity podocyte culture in vitro. The topic is of interest and the
results are intriguing.

We thank the Reviewer for the support.

However, in my opinion performing the experiments on three different podocyte culture systems
rather than being a benefit for the work is a limitation. Specifically, the authors should complete
all the analysis on the effects of fractal topography on the mouse cell line (i.e. including PAN
injury) and then confirm on the human podocytes the similarity of some of the effects observed in
the mouse line. The problem is particularly evident for the RNA sequencing data performed on
primary fetal human podocytes. The existence of a similarity of response to topographical stimuli
between fetal and immortalized podocytes, which could allow the transfer of the results obtained
in one model to another, is not justified. In particular, the authors stated that the primary fetal
human podocytes analysed have been grown on identical substrates as reported in previous
works (and presumably with identical results of that reported in this work?). However, the works
cited in support of this assumption are a PhD dissertation (citation n. 13), an abstract (reference
n. 14) and an US Patent (citation n. 15). This may not provide adequate evidence, as not peer-
reviewed papers. These results have to be published or otherwise showed in this work
reorganizing the results section.

We thank the Reviewer for the comments and agree that we should complete the analysis on the
effects of fractal topography on the mouse cell line. This plan was checked with the Editor who
approved the course of action for the revision. As such, we performed the PAN injury
experiment, collected RNAseq data from the mouse podocyte cell line (E11), and performed
additional Western blotting on the mouse cell line to validate RNAseq data. We also repeated all
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Y AP inhibition experiments with E11 mouse podocyte cell line. In the revised manuscript we
consistently show a single cell source (mouse E11 podocyte cell line) in all main figures.

The following new experiments have been added to thoroughly answer the Reviewer’s question:

e PAN injury study on the mouse podocyte cell line cultivated on the NT and HF
substrates, showing that the readouts of cellular injury in response to PAN are more
clearly demonstrated on the HF substrates. These data are added to the revised Figure
Se,f

e Bulk RNA sequencing on the mouse podocyte cell line (E11) cultivated on the NT, RT,
and HF substrates, demonstrating the changes in the gene expression profiles of mouse
podocytes in response to fractal topography. In general, agreement with the findings of
the RNAseq of human primary fetal podocytes were identified. New Figure 6 and
Supplementary Figure 10-12 were added to the revised manuscript as a result of this
work.

e YAP inhibition study on the mouse podocyte cell line cultivated on the HF substrates,
demonstrating the role of YAP in maintaining podocyte morphology on fractal substrates.
New Figure 7 in the revised manuscript shows the data.

e  Western blot of COL4A4 from mouse podocyte cell line cultivated on the NT, RT, LF,
and HF substrates, verifying the protein presence. The new data are shown in the revised
Figure 3e,f and Supplementary Figure 6b.

We show below the results from these new experiments performed on the mouse cell line. We
also wish to emphasize that RNA sequencing data of the primary human fetal podocytes was
performed by another student from our lab on the same topographical fractal substrates and that
they are published in her thesis. However, given that this cell source is obtained from human
fetuses, these human podocytes are only sporadically available and raise ethical concerns, thus
we believe that for ease of translation of this method to other laboratories it is important to
provide data with a standard and a widely available cell line, such as conditionally immortalized
mouse podocytes. Fortunately there is a great deal of similarity is responses to the fractal cues
between the mouse podocyte cell line (E11) and human fetal G19 podocytes, as elaborated
below. In particular, the RNAseq analyses from both conditionally immortalized mouse
podocyte line and primary fetal human podocytes showed upregulation of genes associated with
ECM, cell adhesion, and kidney development in the HF group, compared to the RT and NT
groups. The manuscript was modified in the Results section pages 15-26:

“2.5 Mosaic assay reveals single cell morphology of podocytes on fractal substrates
supporting drug testing

We further engineered fractal well plates with densely packed HF topographies and minimal
inter-unit spacing to enhance biophysical cues, enabling successful culture of E11 podocytes
with Matrigel and promoting marker expression and polarity (Fig. Sa-d; Supplementary Fig. 5).
To enable scalable fabrication beyond drug-absorbing PDMS, we demonstrated clear imprinting
of fractal features and podocyte branching morphology on hot-embossed thermoplastic elastomer
(TPE) substrates assembled with bottomless well plates (Fig. 5a-c; Supplementary Fig. 5).
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Mouse E11 podocytes exhibited a higher gene expression of Nphs! on the fractal TPE plate,
compared to the flat plate (Fig. Sb). The biomimetic fractal topography not only promoted
podocyte marker expression, but also resulted in a visible cytoskeleton arrangement when E11
podocytes were seeded on substrates that transitioned between flat surfaces and fractal patterns
in a single well (Fig. 5c¢).

It has been a challenge to observe podocyte morphology in a confluent monolayer due to the
difficulty in delineating the border of a single cell from those of its neighbors. Thus, we
generated a mixed population of podocytes labelled with mCherry (E11 mouse podocyte cell
line) scarcely distributed among their optically silent counterpart (Fig. 5d), enabling enumeration
of the Df of a single podocyte within a confluent monolayer, an approach termed Mosaic assay'*
15, We then applied a compound known to cause podocyte injury, puromycin aminonucleoside
(PAN), as proof-of-concept for the use of this fractal topography for drug testing (Fig. Se, f). For
podocyte cell morphology, a higher Df indicates more branching morphology whereas a lower
aspect ratio indicates less elongation of the cells, both suggesting a higher degree of similarity to
in vivo morphology. Upon PAN induced injury, foot process effacement shown by a decrease in
cell morphology Df (less arborized morphology) was observed, as expected (Fig. Se, f). Cells on
the fractal substrates appeared to be more sensitive to PAN treatment, with the Df of their
morphology decreasing to a greater extent and the aspect ratio of their morphology increasing to
a greater extent (Fig. 5f). Nearly identical results were obtained when the non-conditionally
immortalized human podocytes (PODO/TERT256) were used in the Mosaic assay (green
fluorescent protein (GFP) labelled) on fractal plates (Supplementary Results, Supplementary
Fig. 6-8).

In vivo glomeruli provide convex fractal topographical cues, motivating the investigation of the
effect on concave vs convex patterns on cell morphology. We obsereved a comparable cell
morphology as assessed by Df measurements in non-conditionally imortalized human podocytes
on convex vs concave fractal substrates (Supplementary Fig. 9) with a significantly higher cell
coverage on convex versus concave fractal patterns (Supplementary Fig. 9). These results were
not podocyte specific as a stromal cell type, dental pulp stem cells (DPSCs) cultured on the
concave HF substrates exhibited a lower density compared to those on the convex HF substrates
(Supplementary Fig. 9).
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Fig. 5 Fractal topographical substrates can be incorporated into a multi-well plate format for high
throughput applications. Mosaic assay (cells selectively labelled with fluorescent tags), revealing
single cell morphology, supports podocyte drug testing in vitro. a, Schematic and images of high
density HF patterns covering the entire well in a 384-well format. b, Relative gene expression of
Nphsl to Gapdh in mouse podocytes seeded and differentiated on a standard flat 96-well plate
(tissue-culture polystyrene) and a fractal topographical 96-well plate (thermoplastic elastomer).
n=6 samples per group. Data normalized to flat (standard 96-well plate). Student’s t-test for
statistical testing. Data plotted as mean = SD. c-d, Substrates with partially covered fractal
patterns under brightfield microscopy and maximum intensity projection in z-direction of
fluorescent stain of f-actin (green), DAPI (blue), and ¢, podocyte specific marker nephrin (red),
d, cells selectively labelled with mCherry (red), termed Mosaic assay, from mouse

podocytes cultivated on thermoplastic elastomer substrates partially covered with fractal patterns.
e-f, Drug testing performed on Mosaic mouse podocytes cultured on flat (NT) and fractal (HF)
PDMS substrates, using a known podotoxin PAN. e, Confocal microscope images of Mosaic
mouse podocyte cell line cultured on flat and fractal substrates, with and without PAN-induced
injury. f, Quantification of cell morphology Df and aspect ratio of Mosaic mouse podocyte cell
line cultivated on flat and fractal substrates, with and without PAN-induced injury. n=4 scaffold
samples per group. Student’s/Welch’s t test or Mann-Whitney nonparametric test was performed
for statistical analysis. Data plotted as mean + SD. *p<0.05, **p<0.01, ***p<0.001. Df, fractal
dimension; DAPI, 4°,6-diamidino-2-phenylindole; PDMS, polydimethylsiloxane; PAN,
puromycin aminonucleoside; NT, no topography (non-fractal non-topographic control group);
HF, high fractal topography (biomimetic high fractal topographic group derived from healthy
histological glomerular tracing).

2.6 RNA sequencing points to podocyte maturation on fractal substrates

To investigate transcriptomic changes underlying the effects of fractal topography, we performed
bulk RNA-seq on E11 mouse podocytes cultured for 14 days on NT, RT, and HF substrates.
Upon principal component analysis (PCA), the NT group showed a separable cluster on the PC1
vs PC2 plot, compared to the topography groups, RT and HF, which further separated on the
PC1 vs PC3 plot, despite some overlap (Fig. 6a). Unsupervised clustering analysis further
substantiated that topographical groups were distinct from the NT group (Supplementary Fig.
10). When examining the differences in gene expression among the three culture substrates, we
identified 418 genes significantly altered only in the RT vs NT comparison, 146 genes
significantly altered only in HF vs NT, and 96 genes significantly different in only HF vs RT
(Fig. 6b).

Volcano plots further demonstrated notable significant differences in gene expression amongst
the groups (Fig. 6¢). Comparison of HF vs NT substrates revealed that HF promoted podocyte
differentiation, marked by downregulation of developmental regulators and cytoskeletal genes
associated with immature states, specifically downregulation of embryonic Nr2f2?%, and
upregulation of Dusp6%. Yet, there were signs of incomplete maturation and possible stress
induced by topographic stimulation, as observed through the

activation of HaverI3? and Sel1/33'*? indicating that not all cells achieved a mature podocyte
phenotype. Topographical groups exhibited a significantly higher expression of genes associated
with cytoskeleton organization, Actn4 (connecting the focal adhesion to the actin cytoskeleton in
foot processes®>**) and Nes (intermediate filament®>), both of which were reported to be enriched
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in human and mouse late-stage podocytes®®. Among the genes that had the highest expression in
HF was Srgap (SLIT-ROBO Rho GTPase-activating protein 1), that encodes a
mechanosensitive protein important in foot process maintenance’’. Furthermore, the gene
expression changes observed on the HF vs RT topography suggest enhanced maturation with
fractal vs round topography marked by downregulation of Ncam! (neural cell adhesion molecule
1), which is high in renal precursors but downregulates in mature kidney epithelia®®“°.
Significant downregulation of Dkk3 in HF vs RT also supports enhanced maturation, as it is
expressed in the developing kidney but largely silenced in mature podocytes*! ™.

Concurrently, several gene changes were characteristic of podocyte stress, e.g. the increase in
NdrgI**, Ppbp (Cxcl7)®, and Agt*® with a decrease in Ace2*’*® and Chs* on HF. Mechanical
strain on podocytes is known to trigger local angiotensinogen production and cytoskeletal strain,
similar to what we see with enhanced expression of Agf and Actn3 in HF vs RT. Collectively,
this implies that although the cells are differentiating, the fractal substrate might be imposing
mechanical stress.

Compared to the NT group, the HF group exhibited enriched gene ontology (GO) terms among
upregulated genes related to angiogenesis, cell-substrate adhesion, wound response, positive
regulation of migration and motility, basement membrane organization, ECM components, stress
fibers, actin filaments, adhesion junctions, integrin binding, and growth factor binding (Fig. 6d,
Supplementary Fig. 11), all of which are consistent with the improved morphology observed in
HF vs NT. Many of these GO terms enriched among upregulated genes were similarly observed
in the RT vs NT comparison, pointing to the importance of topography in general
(Supplementary Fig. 11). Yet, when comparing HF vs RT, the HF group uniquely expressed
signs of podocyte developmental maturation, such as enrichment of GO terms from upregulated
genes related to kidney development, metanephros development, branching involved in ureteric
bud morphogenesis (Fig. 6d) and enrichment of non-podocyte GO terms among the
downregulated genes such as mesenchymal cell differentiation, neural development, ossification,
stem cell development and tubule development (Fig. 6d). Overall, the RT group appeared to
support the highest ECM deposition, as ECM, anchoring junction and adherens junction GO
terms were enriched among downregulated genes in HF vs RT comparison (Fig. 6d). Yet, there
were also some signs of stress in the HF group, such as complement activation GO term
enrichment from upregulated genes in the HF vs RT comparison, requiring further investigation
(Fig. 6d).

The gene expression of major and minor components in the glomerular basement membrane
(GBM)* was increased in the topographical groups (RT and HF) compared to the NT group
(Fig. 6e). HF group consistently clustered in between NT and RT, which may be beneficial in
preventing over-deposition of the matrix that is often related to fibrosis and
glomerulosclerosis®!*2. Among the genes that encode an important collagen IV heterotrimer
col(IV)a3a4as in adult kidneys only produced by podocytes, both the RT and the HF groups
showed higher expression than the NT group, with a significant increase in Col4a4 and Col4a5
expression in the RT group.

Furthermore, we compared transcriptomes from NT, RT, and HF groups to developing and adult
mouse podocytes by generating a hierarchical heatmap of genes elevated >5-fold in adult vs
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embryonic (E13.5) podocytes or podocytes vs kidney cortex®, and differentially expressed
across topographies (Fig. 6f). The HF group exhibited balanced, uniformly elevated expression
of these significantly upregulated genes, whereas the RT and the NT groups had some of these
genes upregulated and others downregulated (Fig. 6f). It appeared that genes elevated in the RT
group, were downregulated in the NT group and vice-versa.

On HF platform many genes were expressed at a level between adult and embryonic podocytes,
however some important genes adult podocyte genes, such as Srgap! were increased on HF
platform. Thus, HF provided finely tuned and uniformly activated gene expression. Similar
findings were observed with significant integrin gene expression (Supplementary Fig. 12).

Comparison of RNA-seq data from mouse cell line (Fig. 6, Supplementary Fig. 10-12) and
primary human podocytes (Supplementary Fig. 13, 14) revealed concordant trends in PCA
clustering and GO enrichment, including genes related to ECM organization and cell adhesion
(Supplementary Fig. 11a, ¢, 13j, k), with the kidney specific GO terms appearing in the HF vs
RT comparison for mouse (Fig. 6d) and in the HF vs NT comparison for human
(Supplementary Fig. 13j). In the top enriched GO terms among the genes downregulated in HF
compared to NT, several metabolic processes showed up in both mouse and human data
(Supplementary Fig. 11b, d, 130). Despite similarities, some differences emerged. In a curated
podocyte-related significant gene list from the human RNA-seq dataset (Supplementary Fig.
13q), only five makers were also significant in the mouse podocyte RNA-seq (Mmp2, Lamas,
Timpl, Lama2, Angptl). This gap in matching findings between late and early mouse vs human
podocytes has been recognized before*®. Taken together, our RNA-seq analyses from both
conditionally immortalized mouse podocyte line and primary fetal human podocytes showed
upregulation of genes associated with ECM, cell adhesion, and kidney development in the HF
group, compared to the RT and NT groups.
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Fig. 6 RNA sequencing data suggest that fractal topography modulates biological processes that
include ECM organization, cell adhesion and kidney development in mouse podocytes. a,
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Unsupervised principal component analysis (PCA) delineating clusters in total gene expression
patterns for three substrate groups: NT, RT, and HF. b, Venn diagram of differentially expressed
genes in the three substrate groups (NT, RT and HF) compared to each other. ¢, Volcano plots of
up-, down-regulated and not significantly differentially expressed genes compared between HF
vs NT, RT vs NT, and HF vs RT. d, Top enriched gene ontologies (GO) terms from significantly
upregulated and downregulated genes in HF vs RT. e, Heatmap showing unsupervised
hierarchical clustering of glomerular basement membrane genes extracted from*. f, Genes that
are at least 5-fold upregulated in development in either adult vs developing podocytes or
podocytes vs kidney cortex were identified from a previous study (mouse microarray data
from™?). The heatmap shows unsupervised hierarchical clustering of those genes, provided they
were differentially expressed, in HF, RT and NT group. RNA sequencing data from conditionally
immortalized E11 mouse podocytes after 14 days of differentiation on 5 NT, 6 RT, 6 HF
substrates was used for analysis. NT, no topography (non-fractal non-topographic control group);
RT, round topography (non-fractal topographic control group); HF, high fractal topography
(biomimetic high fractal topographic group derived from healthy histological glomerular
tracing).

2.7 YAP signaling pathway plays a role in maintaining podocyte morphology on fractal
substrates

Yes-associated protein (YAP), a key effector of the Hippo signaling pathway is critical for
podocyte biology, with detrimental consequences of its deletion, including apoptosis and
development of focal segmental glomerulosclerosis (FSGS)**. Given YAP’s role in
mechanotransduction and the ability of native podocytes to sense and respond to tensile and
shear stress, we investigated whether Y AP signaling modulates podocyte behavior on fractal
topographies. In the RNA-seq data from E11 mouse podocyte cell line, we identified key
members of YAP interactome Wwtrl and Amot (generated using GeneMANIA algorithm®>%) to
be differentially regulated on the HF substrates in comparison to NT and RT (Fig. 7a).

Consistent with previous studies, YAP expression was observed in the nucleic region of mouse
podocytes cultivated on both NT and HF substrates (Fig. 7¢)°’. Although findings vary on
whether YAP is primarily localized in the nucleus or cytoplasm of healthy podocytes, our results
show more prominent YAP presence in the nuclei on HF (Fig. 7¢), indicative of increased YAP
activity®’. Furthermore, the nucleic vs cytoplasmic ratio of mean intensity of the YAP
immunofluorescence signal was found to be significantly higher in the HF group compared to the
NT group (Fig. 7b), suggesting a more activated Y AP signalling pathway in the mouse
podocytes on the HF substrates.

Upon YAP inhibition in the mosaic assay on both NT and HF substrates (Fig. 7d, f) using a
suppressor of YAP-TEAD complex (Verteporfin®®), cell size significantly decreased (Fig. 7e, g),
despite no significant changes in either Df or aspect ratio of podocyte morphology (Fig. 7e, g).
When the presence of Verteporfin was extended to 4 days, there was no further decrease in cell
viability measured by lactate dehydrogenase (LDH) secretion (Fig. 7e, g) in either the NT or HF
group. After 4 days of inhibition, podocytes on HF substrates showed reduced fractal dimension
and cell size, whereas on NT substrates, fractal dimension increased without changes in aspect
ratio and with reduced cell size (Fig. 7e, g). Importantly, the involvement of YAP pathway on
fractal substrates was confirmed in human podocytes as well (Supplementary Results,
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Supplementary Fig. 15). Collectively, these results suggest the role of YAP in podocyte shape
control on fractal substrates.
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Fig. 7 YAP signaling pathway plays a role in maintaining mouse podocyte morphology on
fractal substrates. a, Hierarchical heatmap of unsupervised clustering of the genes belonging to
the YAP interactome, provided the genes were differentially expressed, in HF, RT and NT
group. RNA-seq data from conditionally immortalized E11 mouse podocytes after 14 days of
differentiation on 5 NT, 6 RT, 6 HF substrates was used for analysis. b-¢, YAP localization in
the nucleus vs. cytoplasm in mouse podocytes cultured on NT and HF scaffolds. ¢,
Immunofluorescence images of Mosaic mouse podocytes cultured on NT and HF scaffolds and
stained for YAP (green) and DAPI (blue). b, Localization analysis of YAP immunofluorescence
signal from mouse podocytes cultured on NT and HF scaffolds (n=3). The ratio of mean intensity
of nucleic vs. cytoplasmic YAP immunofluorescence signals plotted. Student’s t-test performed
for statistical analysis. d-g, Mosaic mouse podocytes differentiated on d-e, NT and f-g, HF
scaffolds for 14 days, followed by treatment with Y AP inhibitor verteporfin at 0 uM and 2 uM
for 2 or 4 days. Confocal microscope images of Mosaic mouse podocytes on d, NT and f, HF
scaffolds with and without Y AP inhibition. Lactate dehydrogenase (LDH) release of Mosaic
mouse podocytes on e, NT and g, HF scaffolds inhibited with verteporfin at 0 pM and 2 uM for
2 days (top row) or 4 days (bottom row). n=3 scaffold samples per group. Quantification of cell
morphology (Df, aspect ratio) and cell size (normalized to control) of Mosaic mouse podocytes
on e, NT and g, HF scaffolds treated with verteporfin at 0 uM and 2 uM for 2 (top row) or 4
(bottom row) days. n=3 scaffold samples per group. Data plotted as mean + SD. Student’s t-test
or Mann-Whitney nonparametric test was performed for statistical analysis. *p<0.05, **p<0.01,
*#%%p<0.0001. Df, fractal dimension; DAPI, 4°,6-diamidino-2-phenylindole; NT, no topography
(non-fractal non-topographic control group); RT, round topography (non-fractal topographic
control group); HF, high fractal topography (biomimetic high fractal topographic group derived
from healthy histological glomerular tracing).

The new results are also discussed in the Discussion section as follows (page 27):

“Notably, in vitro podocyte biology displays limited resemblance to its native counterparts, with
significantly reduced maturation and challenges in recapitulating key physiological features. To
verify the podocyte behavior in response to fractal cues in a comprehensive manner, we used
multiple techniques (immunostaining with confocal imaging, qPCR, Western blotting and RNA-
seq) to examine the key markers, important phenotypic characteristics, their morphology, and
their interactions with the substrates.

Podocytes on the fractal substrate appear to be in a delicate balance—initiating maturation while
some activating stress responses to deal with biomechanical strain. Gene expression changes in
the HF group reflect this duality: downregulation of Ncam! and upregulation of Actn3 and
St3gall suggest enhanced maturation and function, while elevated Ppbp and Agt, alongside Ace2
downregulation, indicate a stress-alert state.

Y AP activation, through nuclear localization is required for podocyte function,*® and nephron
development, as conditional knockdown of YAP in mouse kidney led to reduced nephrogenesis
and morphogenesis, in a manner that was independent of proliferation and apoptosis,*® consistent
with our observation of YAP1 involvement in shape patterning. Wwerl encoding transcriptional
coactivator with PDZ-binding motif (TAZ), known as the paralog of YAP, is critical in
maintaining podocyte integrity>*. High WWTRI1 (TAZ) expression with nuclear localization in

45



podocytes usually indicates active mechanotransduction such as in response to stiff substrates,
matrix cues or tension. In mouse podocyte line, Wwtrl expression was similar between HF and
NT but was upregulated in RT. The other differentially expressed gene from the YAP
interactome was Amot which encodes angiomotin (AMOT). Whether AMOT inhibits or
promotes YAP activity appears to be context dependent®!. Higher Amot in the HF group
compared to the NT and RT, may suggests regulatory control with efforts at enhanced
cytoplasmic sequestration of YAP. Collectively, this fits with the idea that although the HF
topography mechanically stimulates podocytes, they are also invoking regulatory controls (like
AMOT) to prevent prolonged pathological YAP activation. Yet mRNA data of YAP pathway
members need to be interpreted with caution, since it is the localization and protein expression,
rather than the transcript level or the total amount of protein that regulates cell responses.”

Minor point: page 14, the citations for Figure 8 h-j are wrong.

We thank the Reviewer for this comment. We have corrected all Figure citations in the revised
manuscript.
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