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Abstract

Podocytes are differentiated post-mitotic cells that cannot replace themselves after injury.
Glomerular parietal epithelial cells are proposed to be podocyte progenitors. To test whether a
subset of parietal epithelial cells transdifferentiate to a podocyte fate, dual reporter PEC-rtTA

| LC1| tdTomato | Nphsi-FLPo | FRT-EGFPmice, named PEC-PODO, were generated.
Doxycycline administration permanently labeled parietal epithelial cells with tdTomato reporter
(red), and upon doxycycline removal, the parietal epithelial cells (PECs) cannot label further.
Despite the presence or absence of doxycycline, podocytes cannot label with tdTomato, but are
constitutively labeled with an enhanced green fluorescent protein (EGFP) reporter (green). Only
activation of the Ajphs1-FLPotransgene by labeled parietal epithelial cells can generate a yellow
color. At day 28 of experimental focal segmental glomerulosclerosis, podocyte density was 20%
lower in 20% of glomeruli. At day 56 of experimental focal segmental glomerulosclerosis,
podocyte density was 18% lower in 17% of glomeruli. TdTomato* parietal epithelial cells were
restricted to Bowman’s capsule in healthy mice. However, by days 28 and 56 of experimental
disease, two-thirds of tdTomato* parietal epithelial cells within glomerular tufts were yellow in
color. These cells co-expressed the podocyte markers podocin, nephrin, p57 and VEGF164, but
not markers of endothelial (ERG) or mesangial (Perlecan) cells. Expansion microscopy showed
primary, secondary and minor processes in tdTomato*EGFP* cells in glomerular tufts. Thus, our
studies provide strong evidence that parietal epithelial cells serve as a source of new podocytes in
adult mice.
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RESULTS

The biological role of glomerular PECs in health and disease is becoming better understood?
as a result of the ability to lineage trace PECs in mice,? the identification of cell markers that
distinguish PECs, and the isolation and characterization of cultured PECs.3# From these
advances, new knowledge has emerged of the various roles PECs play in the pathogenesis of
glomerular scarring®’ and the potential role of PECs as podocyte progenitors for adolescent
mice28.9 and as progenitors for new adult podocytes following loss in disease.10-13

Lineage tracing using inducible reporters is the gold standard for mapping the migration of a
permanently prelabeled cell population and determining its fate. The most common system
is Cre-/ox based, which utilizes a bacteriophage P1 enzyme to mediate the recombination of
loxP recognition sequences and turns on reporter expression in a cell population of interest.
14.15 The Cre-/ox system can be combined with a Tet-On system, which utilizes a reverse
tetracycline-controlled transactivator (rtTA) that recognizes the tetO sequences of the
tetracycline response element in the presence of the ligand doxycycline. Another alternative
includes the flippase-recognition target (FLP-~R7)-mediated recombination system, based
on the FLP recombinase from yeast; however, it is un-common for transgenic animals to
utilize this system.

To date there are few studies in humans of potential podocyte gain because of the lack of
genetic methodologies, although some evidence has been published.16 In rodents, transgenic
methodologies proving that one cell type trans-differentiates to another are limited. Studies
outside of the kidney utilize intersectional or subtractive fate mapping, but neither allow for
continual tracing of 2 distinct cell populations.1’-18 An unexplored option is to
simultaneously utilize both Cre-/ox and FLP-FRT recombinase systems, which can act
independently and thus be used within the same animal and in fact the same cell.

To provide proof that PECs transdifferentiate to a podocyte fate in adult mice after podocyte
depletion, we generated dual PEC-podocyte reporter mice. We demonstrate that during the
migration of labeled PECs to the glomerular tuft after podocyte loss, a subset activated the
Nphs1-FLPo promoter, which induced the constitutive labeling with a second reporter,
resulting in co-expression of 2 independent reporters.

Dual labeling of PECs and podocytes in healthy PEC-PODO mice

The schema used to generate dual PEC-rtTA|LC1|tdTomatd Nphs1-FLPoFRT-EGFP (PEC-
PODO) reporter mice is shown in Figure 1a—d. Confocal microscopy confirmed that in
healthy adult mice that received doxycycline, 58% * 12% of cells lining Bowman’s capsule
expressed tdTomato fluorescent protein (red) in a classic PEC distribution along Bowman’s
capsule (Figure 1e). A subset of cells in the same glomerular tuft expressed EGFP in a
classic podocyte distribution (Figure 1€), and 95% of EGFP* cells co-expressed the
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podocyte marker p57. Both tdTomato and EGFP were visualized without detecting
antibodies.

Staining for the podocyte marker podocin (blue) overlapped with EGFP but not with
tdTomato (Figure 1f). Staining for the PEC marker src-suppressed C-kinase substrate
(SSeCKS)19 overlapped with tdTomato but not with EGFP (Figure 1g). When standard chow
lacking doxycycline was provided, PEC-PODO mice expressed EGFP but not tdTomato
(Supplementary Figure S1A). When mice lacking FLPo were given doxycycline, tdTomato
was expressed, but EGFP was not expressed (Supplementary Figure S1B). When mice
lacking rtTA were given doxycycline, EGFP was expressed, but tdTomato was not expressed
(Supplementary Figure S1C). Following withdrawal of doxycycline after the induction
period, the expression of both reporters could only occur when an existing labeled PEC
(inducible reporter) constitutively activated the ANjp/sI-FLPo promoter, minimizing the
chance of an existing podocyte becoming red and being mistaken for a migrated PEC. To
control for the off chance that the disease-inducing cytopathic antibody might induce
aberrant tdTomato expression, the antibody was administered to mice that were not given
doxycycline. As expected, after podocyte depletion, there was no tdTomato expression and
no yellow cells.

These results show that administration of doxycycline to healthy adult PEC-PODO mice
inducibly labeled PECs with tdTomato. Podocytes constitutively labeled with EGFP, with no
overlap of the 2 reporters (yellow), and thus successful labeling of 2 distinct cell types
occurred within the same kidney glomerulus.

Characteristics of experimental disease model in dual PEC-PODO reporter mice

Experimental focal segmental glomerulosclerosis (FSGS), typified by abrupt podocyte
depletion and proteinuria, was induced by administering a cytopathic antipodocyte antibody
(see Supplementary Methods) in dual PEC-PODO mice that were given doxycycline as
adults, as previously reported.29-23 |Importantly, each mouse underwent a baseline kidney
biopsy prior to disease induction to record PEC and podocyte labeling and quantitate
podocyte density and PEC size. Temporal changes in each individual mouse were followed
between baseline and death at day 28 or 56, when an average of 163 glomeruli per mouse
were analyzed.

Injury was defined as reduced podocyte number and increased matrix accumulation, as
previously reported.”24 As expected, at baseline, 100% of glomeruli were uninjured
(Supplementary Figure S2A). At day 28 of FSGS, 20% + 5% of glomeruli were injured
(80% + 8% were uninjured). At day 56 of FSGS, 17% + 6% of glomeruli were injured (83%
+ 5% were uninjured; Supplementary Figure S2A).

Within injured glomeruli at day 28, podocyte density was 20% + 5% lower in injured
glomeruli (216 + 5 vs. 276 + 11 x 108 podocytes/pum?3 glomerular tuft volume, £< 0.05 vs.
uninjured glomeruli; Supplementary Figure S2B), similar to previous reports.242> At day
56, podocyte density in injured glomeruli remained similar to that on day 28 (235 + 16 vs.
286 + 15 x 106 podocytes/um?3 glomerular tuft volume, £< 0.05 vs. uninjured glomeruli, 7>
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0.05 vs. day 28). Albumin-to-creatinine ratio increased and then gradually decreased as
repair occurred (Supplementary Figure S2C).

Taken together, this proteinuric model was typified by podocyte depletion in focally injured
glomeruli.

A subset of PECs give rise to podocytes after podocyte depletion

Confocal microscopy was used to visualize tdTomato (labeled PECs) and EGFP (labeled
podocytes), without the need for antibodies. Sections were counterstained with collagen 1V
(blue) to delineate kidney architecture. Z-stacks were taken through 20-pm-thick sections to
visualize more of each individual glomerulus than can be observed using a “conventional”
single thin section. In healthy adult PEC-PODO mice at baseline, tdTomato* PECs were
restricted to Bowman’s capsule, and EGFP* podocytes were restricted to the glomerular tuft
(Figure 2a). At FSGS day 28, EGFP decreased (Figure 2b, Figure 3a—f, and Supplementary
Figure S3). Within these glomeruli, tdTomato* PECs were visualized on the tuft and yellow
cells were detected along Bowman’s capsule and in the glomerular tuft (Figure 2b, Figure
3a—f, and Supplementary Figure S3). The smaller image panels show that yellow cells were
due to the overlap of the 2 reporters. At FSGS day 56, EGFP also decreased in injured
glomeruli, and tdTomato™ PECs were detected on the tuft. Similar to day 28, yellow cells
were detected along Bowman’s capsule and in the tuft (Figure 2c, Figure 4a—f, and
Supplementary Figure S4).

We defined transdifferentiation of tdTomato* PECs to a podocyte fate when a red cell on the
glomerular tuft also expressed EGFP, becoming yellow. TdTomato* only cells were
consistent, with PECs not having transdifferentiated to a podocyte fate (undifferentiated
PEC). Quantitation was performed for both. Neither red nor yellow cells were detected in
uninjured glomeruli with normal podocyte density at days 28 and 56.

At day 28 of FSGS, tdTomato* PECs were detected on the tuft in 59% + 8% of the 20%

+ 5% of injured glomeruli. In 36% of these glomeruli, PECs remained undifferentiated (red),
and in 23% of these glomeruli, PECs transdifferentiated (turned yellow). The average
number of undifferentiated tdTomato* PECs in injured glomeruli was 2.6 + 0.3/glomerular
cross section. The average number of PECs that activated the Njphs-FLPo promoter and
turned yellow was 2.1 + 1/cross section of injured glomeruli.

At day 56 of FSGS, tdTomato* PECs were detected on the tufts in 50% of the 17% + 6% of
injured glomeruli (Figure 5a—c). In 32% of these glomeruli, PECs remained undifferentiated
(red), and in 18% PECs transdifferentiated (turned yellow). The average number of
undifferentiated tdTomato* PECs in injured glomeruli was 2.1 + 0.4. The average number of
PECs that activated the NphsI-FLPopromoter and turned yellow was 1.5 + 0.3.

Transdifferentiated PECs co-express several podocyte proteins and VEGF164

To test whether yellow PECs on the glomerular tuft showed additional evidence of
transdifferentiation, co-staining was performed with antibodies to the podocyte markers
podocin, nephrin, and p57. Confocal microscopy showed that the vast majority of EGFP*
tdTomato* PECs (yellow) that migrated to the glomerular tuft at days 28 and 56 co-
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expressed podocin (Figure 5a—c), nephrin (Figure 6a—c), or p57 (Figure 7a—c). EGFP*
tdTomato* PECs did not co-stain for the endothelial cell marker erythroblast transformation
specific-related gene (ERG; Supplementary Figure S5) or the mesangial cell marker
perlecan (Supplementary Figure S6).

VEGF164 expression is a synthetic function of podocytes,2® and thus de novo expression
was assessed. TdTomato™ PECs along Bowman’s capsule did not stain for VEGF164 (Figure
8a). However, a subset of EGFP* tdTomato* PECs on the glomerular tuft co-express
VEGF164 (Figure 8b), providing further evidence that a subset of PECs transdifferentiated
to a podocyte fate at both days 28 and 56 after podocyte depletion.

PECs migrating to the glomerular tuft acquire primary, secondary, and minor processes

Expansion microscopy, which uses a swellable polymer hydrogel to physically expand fixed
specimens for imaging at high spatial resolution, was utilized to determine if a subset of
EGFP* tdTomato™ PECs acquired ultrastructural features of podocytes.2” Figure 9a—e shows
a representative confocal Z-stack at day 28 of FSGS of a EGFP* tdTomato* PEC (yellow) in
the glomerular tuft, with projections resembling primary, secondary, and minor processes,
which were clearly resolved using this technique. Moreover, the yellow processes inter-
digitate with those of resident green podocytes (Figure 9f and g). These results show that
EGFP* tdTomato* PECs acquire ultrastructural features of podocytes.

Labeled PECs decrease along Bowman’s capsule after their migration to the glomerular
tuft, but PEC size is unchanged

To determine the impact of migration on tdTomato™ PEC number and size, tdTomato* PEC
density and cell size were measured (Supplementary Figure S7). The density of tdTomato*
PECs along Bowman’s capsule in uninjured glomeruli at FSGS day 28 (1.3 £ 0.1 labeled
PECs/100 mm of Bowman’s capsule length) was similar to that of healthy glomeruli at
baseline (1.4 + 0.1 tdTomato™ PECs/100 mm of Bowman’s capsule length, 7> 0.05;
Supplementary Figure S7), where 58% + 12% of PECs were labeled with tdTomato. At
FSGS day 28, in injured glomeruli, tdTomato* PECs (labeled only during the temporal
window of doxycycline administration) migrated to the tuft, and therefore the density along
Bowman’s capsule decreased by 41% from baseline (0.8 + 0.1 vs. 1.4 + 0.1 tdTomato™*
PECs/100 mm of Bowman’s capsule £< 0.05; Supplementary Figure S7D). Similarly, at
FSGS day 56, the density of tdTomato* PECs along Bowman’s capsule in injured glomeruli
decreased by 32% from baseline (0.9 + 0.1 vs. 1.4 + 0.1 tdTomato* PECs/ 100 um of
Bowman’s capsule £> 0.05; Supplementary Figure S7D).

PEC size also was measured, and the size of tdTomato* PECs along Bowman’s capsule did
not increase in disease, suggesting no PEC hypertrophy in this model (Supplementary Figure
STF).

Transdifferentiating PECs do not co-express CD44 and do not proliferate

CD44, considered a marker of the “activated” profibrotic migratory PEC phenotype,28
shows no co-staining in tdTomato* PECs at baseline (Supplementary Figure S8A). Likewise,
CD44 co-staining was not detected in trans-differentiated yellow PECs on the tuft at day 28
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of FSGS (Supplementary Figure S8B). This result was not false negative because CD44 co-
stained red PECs on Bowman’s capsule and on the tuft. Therefore, activated CD44* PECs
do not seem to differentiate into podocytes, at least while they still express CD44.

Ki-67 was used as a proliferation marker. Staining for Ki-67 was not detected on PEC-
derived podocytes (yellow), nor in native podocytes (EGFP*; Supplementary Figure S9A).
Ki-67 was detected in occasional tdTomato* PECs along Bowman’s capsule in disease and
in the tubulointerstitium, used as an internal positive control (Supplementary Figure S9B).
These results support the notion that the subset of PECs that transdifferentiate to a podocyte
phenotype are not activated and do not proliferate at the time points studied.

SIR modeling to better understand PEC transdifferentiation to a podocyte fate

Susceptible, infected, and recovery (SIR) models have been used to model the dynamics of
diseases since 1927.2° Despite their simplicity, they are heavily used in epidemiology as a
qualitative way to understand the infection and recovery cycle. The SIR model is commonly
used for modeling and predicting infectious disease spread in humans, in endemic diseases,
with short infectious periods. Few parameters are necessary to calibrate the model.
Importantly, empirical models are valuable when limited data are available and when
statistical models are difficult to construct. Recently, the SIR model has been used for
several diverse and vast applications.30

For our purposes, the SIR model terms represent the following dynamics: S(t) represents the
number of healthy podocytes (green), I(t) represents the number of damaged podocytes
(purple), and R(t) represents the number of tdTomato* PECs (red). Note that a percentage of
the tdTomato™ PECs R(t) turn yellow so that R(t) will be part of S(t). The combination of
S(t) + R(t) represents the total number of podocytes in the glomerulus. The classical
dynamical model takes the form of a set of differential equations:

das
Vit — bSI
dl
T bSI — kI
dR
@ =M

where d/dt represents the derivative, or rate of change in time, of the coupling dynamics
between the SIR compartments. This set of equations is parameterized by 2 simple
parameters, b and k. Indeed, one of the great advantages of this model is that it gives a
parsimonious representation of the qualitative dynamics without a high-dimensional
overfitting in parameter space. Rather, the b and k can be chosen to be consistent with the
observed dynamics.
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The schematic in Figure 10 shows the dynamics of healthy podocytes as they are lost as a
function of time after disease induction, with t(0) being the initiation, creating growth in the
damaged (infected I[t] dynamics) podocytes. The recovery variable R(t) models new
podocytes (derived from PECs), which migrated into the glomerulus to replace lost
podocytes. If approximately 50% of the migrating PECs change from red to yellow, then the
total number of podocytes is the sum of the remaining healthy podocytes S(t) and 65% of the
recovered field R(t). The combined dynamics and population of healthy new podocytes are
marked yellow.

The findings for this experimental FSGS model show that in “responsive glomeruli”
(Supplementary Figure S10) the percentage of native (green) podocytes lost as a result of
injury (these are the injured podocytes represented by I[t]) was approximately 36%, which
leaves approximately 64% in a healthy state (Figure 10a—d). The number of PECs that
migrate into the injured glomeruli (red) was 1.9 cells, and the number of PECs that
transdifferentiated (turned yellow) in the injured glomeruli was 1.2 cells (a 65%
transdifferentiation rate). These numbers align closely to the values in the SIR model
simulation.

DISCUSSION

The extent of podocyte depletion underlies the onset and magnitude of proteinuria and
glomerular scarring in glomerular diseases.31:32 Similar to human disease, the experimental
FSGS model employed was proteinuric and focal in nature, involving one fifth of all
glomeruli, in which the nadir of podocyte density was depleted by 36%, as we have
reported.?1.23.33 podocyte density then increased by 14% from this nadir, resulting in a
“final” podocyte density of 216 +5 and 235 + 16 x 10°% podocytes/um? glomerular tuft
volume on days 28 and 56, respectively. Because adult podocytes cannot self-replicate,
podocyte replacement must derive from other cell sources.3#3% Limited adult podocyte
regeneration has been shown in a diphtheria toxin model of acute podocyte ablation.?
However, the source of new podocytes was not identified in that study. Glomerular PECs,
the focus here, have been shown as a source of new podocytes in several studies: in a cohort
of Pax2.rtTA, TetO.Cre;mT/mG mice that underwent remission following doxorubicin
(Adriamycin) nephropathy10:36 and in adult PEC-rtTA/L C1/R26 reporter mice using the
same mouse model of FSGS typified by abrupt podocyte depletion described here,13 which
was recently enhanced following CXCL12 blockade in Pax2.rtTA, TetO.Cre;mT/mG mice
with Adriamycin nephropathy.36 We acknowledge that certain experimental conditions have
failed to show podocyte regeneration. No new podocytes were generated after nephron loss
induced by uninephrectomy in ANPHSZ2.rtTA, tetO.Cre;mT/mG mice. This finding is not
surprising because this model has no podocyte loss.? Similarly, after neprhon loss and
glomerular hypertrophy in PEC-rtTA/LLC1/R26R or PEC-rtTA/H2B-eGFP transgenic mice,
no podocyte regeneration from PECs was observed.® Again, podocyte loss is not a feature of
this model. However, limited podocyte regeneration was observed after nephron loss in
another study.33

In the kidney, lineage tracing utilizing the Cre-reporter induction system has been effective
in studying podocytes, PECs, tubular epithelial cells, cells of renin lineage, pericytes, and
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Gli-1* perivascular cells.3*37-44 |n PECs, promoters for truncated podocalyxin® or
PAX210:36 have been used for lineage tracing studies. Thereafter, proving or disproving that
labeled PECs transdifferentiate to a podocyte fate has relied on co-staining of labeled PECs
with podocyte markers, using antibodies.813 In the current study, we used a new genetic
approach in which PECs were inducibly labeled with tdTomato using a Tet-On Cre-based
recombinase driven by the truncated podocalyxin promoter,? and podocytes were
constitutively labeled with EGFP using a FLPo-based recombinase driven by the nephrin
promoter.25 Thus new podocytes derived from PECs became yellow in color. PEC labeling
was performed in a temporally restricted way, prior to experimental interventions. In healthy
mice labeled as adults (age 4 months), tdTomato co-localized with SSeCKS in 58% of PECs
and EGFP co-localized with p57 in approximately 95% of podocytes, with no merge of the 2
reporters detected in the glomerular tuft.

Several observations were made after disease induction. In uninjured glomeruli with no
change in podocyte density, no scarring was detected at either day 28 or 56, tdTomato
fluorescence remained localized to Bowman’s capsule, and no yellow cells were observed in
the glomerular tuft. In injured glomeruli with lower podocyte density at both days 28 and 56,
tdTomato-labeled PECs were detected on the glomerular tuft, as we reported.13+45 The first
major finding was that yellow cells were detected both in the glomerular tuft and along
Bowman’s capsule at similar amounts at both days 28 and 56;, therefore, the approach used
proved that a subset of PECs activated the Ajp/hs-FLPo promoter.

A second finding was that a majority of yellow cells on the glomerular tuft had additional
characteristics supporting PEC transdifferentiation to podocytes: (i) the co-expression of the
podocyte-specific proteins podocin, nephrin, and p57 but not markers of endothelial (ERG)
or mesangial cells (Perlecan); (ii) the de novo expression of VEGF164, a synthetic function
of podocytes; 2 (iii) the presence of primary, secondary, and minor processes viewed by
expansion microscopy, with the interdigitation with native/resident green podocytes; and (iv)
downregulation of the PEC marker SSeCKS. Together, these additional data support the
genetic evidence for PEC transdifferentiation to podocytes after podocyte depletion.

Some tdTomato* PECs along Bowman’s capsule activated the AjphsI-FLPo promoter prior
to migration to the glomerular tuft. Quantitative analysis showed ~30% of glomeruli had one
or more yellow PEC along Bowman’s capsule at baseline, which increased to 51% + 11% at
day 28 and 44% + 8% at day 56 of FSGS. This finding fits well with previous reports of
“parietal podocytes”39:46-50 or “transitional PECs”®1-%4 along Bowman’s capsule. Although
the underlying mechanisms were not explored, lineage tracing during nephrogenesis in
PAX8cre B-catenin-deficient mice indicated that p-catenin/Wnt signaling was likely
involved.® It is likely “parietal podocytes” or “transitional PECs” eventually move to the
glomerular tuft, as both tdTomato™ PECs and EGFP* tdTomato™ PECs decrease along
Bowman’s capsule.

The labeling efficiency of PECs was 58% (not the ideal 100%). We acknowledge this
drawback, because we are likely missing a large percentage of migrating and transitioning
PECs, as 42% of PECs were not labeled. Taking this factor into account, the number of
migrated PECs may actually be 5. Our calculated transition rate was 65%, which would
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result in an average of 4 podocytes being replaced by PECs in responsive glomeruli. Given
that a healthy glomerular cross section has on average 12 podocytes, of which 5 are lost, a
replacement of 4 podocytes on average results in 11 podocytes in recovering glomeruli,
which is 91% of their healthy number.

Additional noteworthy results deserve discussion. First, in glomeruli with tdTomato* PECs
on the tuft, there was a 41% decrease in the density of tdTomato* PECs along Bowman’s
capsule. The finding was consistent with the migration of the limited population of red PECs
labeled during the temporal window of doxycycline administration. Recall that any new
PECs replacing a migrated tdTomato* PEC by proliferation, as we and others have shown,
71356 could not be labeled. Second, EGFP* tdTomato* PECs on Bowman’s capsule or in the
glomerular tuft did not co-express CD44 or the proliferation marker Ki-67, indicating that
activated PECs do not differentiate into podocytes, at least while still expressing CD44.
Third, PECs along Bowman’s capsule did not undergo hypertrophy. These data suggest that
the subpopulation of PECs that initially replace podocytes do not express the activated
proliferative phenotype that is associated with the generation of glomerular scarring, 71328
and CD44 is unlikely to be a “stemness” marker for PECs as in other cell types.>’

One limitation of this technique is that it requires sophisticated crosses to produce a small
number of animals, which are informative yet precious. The ideal lineage tracing experiment
would be the use of 2 inducible reporter systems. However, to track the active transition of a
PEC to a podocyte in a dual inducible system, the podocyte induction agent must be present
throughout the entire disease and repair processes. This requirement defeats the purpose
behind a dual inducible system, because the presence of the induction reagent throughout the
study would create a situation similar to the constitutive system. As a result of podocyte
injury in this model, EGFP could leak and be taken up by other cells. In fact, faint EGFP
was noted in proximal tubular cells, coinciding with proteinuria. However, if this was indeed
responsible for the changes observed, one would expect to see EGFP in all PECs, as well as
other glomerular cells (mesangial or endothelial cells). EGFP observed in PECs was only in
a portion of cells and the signal was strong, similar to the targeted labeling in podocytes.
Furthermore, EGFP was not observed in any other glomerular cells. Therefore, we believe
the lineage tracing system we used performed appropriately. However, we recognize the
limitation that aberrant direct labeling of PECs as “podocytes” cannot be ruled out in the
current studies and its impact on the results are unknown and might even be viewed as
controversial. Why certain PECs transdifferentiate while others do not is a key question.
Previous studies suggest different subpopulations of PEC progenitors lining Bowman’s
capsule.58-61 |n future studies, the strategy described might be developed to purify and
segregate distinct subpopulations of PECs.

In summary, these studies in adult dual PEC-PODO mice provide direct evidence that after
abrupt podocyte depletion, a subset of PECs can activate the Ajp/hs-FLPo promoter and
transdifferentiate to a podocyte fate defined as the de novo coexpression of 3 podocyte
markers, de novo expression of VEGF164, and development of primary, secondary, and
minor processes. Dual PEC-PODO reporter mice provide a new methodology to lineage
trace podocytes and PECs simultaneously, within the same glomerulus, in the context of
glomerular disease.
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METHODS

Animals

Dual reporting PEC-rtTA/L C1jtd Tomato/Nphs1-FLPo/FRT-EGFP (PEC-PODQO) mice were
produced by crossing previously reported PEC-reporter mice8:8:13.62 with the tdTomato Ail4
mouse (JAX #007914).%3 Control mice consisted of quadruple transgenic mice without the
rtTA or FLPo. Mice were housed in the animal care facility of the University of Washington
under specific pathogen-free conditions. Studies were approved by the University of
Washington Institutional Animal Care and Use Committee (2968-04). See Supplementary
Methods for details.

Reporter induction

Mice were randomized into labeled and control (nonlabeled) groups. Permanent labeling of
PECs was induced by providing ad libitum 625 mg/kg doxycycline chow (Harlan TD.01306,
Harlan Laboratories, Indianapolis, IN) for 3 weeks followed by a washout period of 1 week.

Experimental FSGS

Experimental FSGS was induced by 2 intraperitoneal injections, 24 hours apart, of a
cytopathic sheep antiglomerular antibody (12 mg/ 20 g body weight), which induces
podocyte loss by inducing apoptosis®4 and detachment.85 Spot urine was collected at
baseline and after days 1, 3, 5, 7, 10, 14, 21, 28, 35, 42, 49, and 56 of FSGS. Urine albumin
was determined using an albumin RID assay.¢ Urine creatinine was determined using a
colorimetric microplate assay (Cayman Chemical, Ann Arbor, MI).

Tissue collection

All mice underwent a survival biopsy (see Supplementary Methods). For terminal kidney
necropsies, mice were killed as previously described,2? at days 28 (7= 4) and 56 (/7= 10).

Visualization of dual (tdTomato/EGFP) reporter

TdTomato and EGFP fluorescent reporters did not require detecting antibodies for
visualization. Confocal images were acquired with a Leica TCS SPE Il laser scanning
confocal microscope (Solms, Germany) with x40 (1.3 NA) oil objective. See Supplementary
Methods for details.

Measuring podocyte density, PEC density, and PEC size

Podocyte density was measured by the previously reported correction factor method.5” PEC
size was measured using the karyoplasmic ratio.58-70 See Supplementary Methods for
details.

Multicolor immunofluorescence staining

Immunostaining was performed on 20-um sections from 4% paraformaldehyde-fixed frozen
and paraffin sections as previously described.22 See Supplementary Methods for details.
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Expansion of a kidney specimen using expansion microscopy

Expansion microscopy was performed by using a previously described protocol.2” See
Supplementary Methods for details.

Microscopy

Images were detected on a Leica TCS SPE Il laser scanning confocal microscope using 400
x magnification. Expansion microscopy was performed on a Leica SP5 inverted confocal
point scanning microscope at the UW Biology Imaging Core. See Supplementary Methods
for details.

Statistical analyses

Data are shown as the mean + SEM. The Student t-test was applied for comparisons between
groups. Multiple groups were compared using one-way analysis of variance with the post
hoc Tukey honestly significant difference test. Pvalues <0.05 represented statistically
significant differences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Statement

Replacing lost adult podocytes in disease is a therapeutic goal to limit and even reverse
proteinuria and glomerular scarring. The results from this experimental study add to the
body of work that a subpopulation of PECs serves as podocyte progenitors and provides
confidence of ongoing efforts to enhance these events in patients with glomerular
diseases.
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Parallel lineage labeling of PECs and podocytes Transdifferentiation of PEC to podocyte fate
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Figure 1|. Schema and characterization of dual lineage tracing in PEC-rtTA|L C1|tdTomato|Nphsl-
FLPo|FRT-EGFP (PEC-PODO) transgenic mice.

(a—d) Schema of transgenics. (al) Unlabeled parietal epithelial cells (PECs) activate the
PEC promoter (black box, white type), inducing reverse tetracycline-controlled
transactivator (rtTA) expression (white box, red type) in PECs. The rtTA is unable to bind
and activate the transcription of the tetracycline response element (tetracycline response
element, black box, white type) in the absence of doxycycline, a tetracycline analogue. (a2)
When doxycycline (yellow circle) is present, it binds to the ligand-binding domain of the
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rtTA, allowing activation of the tetracycline response element, which results in the
expression of cre (white box, red type). The expression of cre facilitates the recombination
of /oxP sites (orange triangles, black type), thus removing the intervening STOP cassette
(white box, black type), inducing permanent tdTomato (red box, black type) expression. (b1)
The Ajphs promoter (white box, black type) in immature podocytes has not yet been
activated. (b2) During maturation of podocytes, the Ajpfs1 promoter is activated (black box,
white type), driving FLPase (black flags, white type) expression, which facilitates the
recombination of FRT sites (blue chevron, black type) and removal of the intervening STOP
cassette (white box, black type), inducing permanent enhanced green fluorescent protein
(EGFP; green box, black type) expression. (c1) tdTomato™ PECs have not yet activated the
Nphs1 promoter (white box, black type). (c2) Upon transdifferentiation to a podocyte fate,
the Njphs1 promoter is activated (black box, white type), driving FLPase (black flags, white
type) expression; FLPase recombines the FRT sites (blue chevron, black type) and STOP
cassette (white box, black type), inducing permanent EGFP (green box, black type)
expression, resulting in a yellow color. (e-g) Confocal microscopy of dual reporter labeling
for both PECs and podocytes in the same glomerulus. Reporter labeling following
doxycycline administration to healthy adult dual reporting PEC-PODO mice. (e) Confocal
microscopic image shows PECs expressing tdTomato (red) and podocytes expressing EGFP
(green). Antibodies are not required to detect tdTomato or EGFP fluorescence. Collagen 1V
staining (blue) was used to delineate kidney architecture. Individual green (el), red (e2), and
far-red (blue, e3) fluorescent channels of the glomerulus are outlined by the white dashed
box in panel (e). (f) The podocyte marker podocin (blue) overlaps with EGFP to create a
cyan color, but it does not overlap with tdTomato. Individual green (f1), red (f2), and far-red
(blue, f3) fluorescent channels of the glomerulus are outlined by the white dashed box. (g)
The PEC marker src-suppressed C-kinase substrate (SSeCKS; blue) overlaps with tdTomato
but not EGFP to create a magenta color. Individual green (g1), red (g2), and far-red (blue,
g3) fluorescent channels of the glomerulus are outlined by the white dashed box. Bars = 25
mm.
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Figure 2|. Transdifferentiation of parietal epithelial cells (PECs) to a podocyte fate after podocyte
depletion.

(a—c) Confocal microscopic images of enhanced green fluorescent protein (EGFP)P
podocytes (green), tdTomato™ PECs (red), podocytes derived from PEC origin (yellow), and
collagen 1V (blue, used to delineate kidney architecture). In panels labeled with numbers, 1
(green), 2 (red), and 3 (blue) are fluorescent channels of whole glomeruli and 4 (green), 5
(red), 6 (blue), and 7 (merged) are channels of the area outlined by the white dashed boxes.
(a) At baseline, tdTomato* PECs are limited to Bowman’s capsule and EGFP* podocytes to
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the glomerular tuft, with no overlap. (b) At focal segmental glomerulosclerosis (FSGS) day
28 (D28), a subpopulation of yellow cells are detected along Bowman’s capsule (arrows)
and on the glomerular tuft (within the dashed box). (c) At FSGS day 56 (D56), yellow cells
(arrows) are detected on the glomerular tuft (marked with dashed box). There is an overall
decrease in EGFP* podocytes, and fewer tdTomato*PECs are detected along Bowman’s
capsule. (d) Quantitative analysis of the percentage of injured glomeruli with tdTomato™
PECs in the glomerular tuft. tdTomato™ PECs (red) and PECs that transdifferentiated to a
podocyte fate (yellow) were not detected in the glomerular tuft in baseline glomeruli nor in
uninjured glomeruli at FSGS day 28 and day 56. Of the subset of injured glomeruli, 36%
had 1 or more undifferentiated tdTomato* PECs (red), whereas 23% of the injured glomeruli
had transdifferentiated PECs (yellow) at day 28 of FSGS. At day 56, 32% of the injured
glomeruli had undifferentiated tdTomato* PECs (red) and 18% had transdifferentiated PECs
(yellow). Bars = 25 um or5 um (insets).

Kidney Int. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaverina et al.

Page 20

FSGS day 28
EGFP tdTomato

f Higher magnification of glomerulus from panel b
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Figure 3|. tdTomato™ parietal epithelial cells (PECs) on the glomerular tuft at focal segmental
glomerulosclerosis (FSGS) day 28 show genetic evidence of transdifferentiation toward a
podocyte fate.

(a—f) Consecutive confocal optical images compiled as a Z-stack through a glomerulus at
FSGS day 28 show enhanced green fluorescent protein (EGFP; green), tdTomato (red), and
merge (yellow, solid arrows show example). Yellow cells are detected on the glomerular tuft,
and the density of tdTomato* PECs along Bowman’s capsule is substantially reduced as
cells move from Bowman’s capsule to the glomerular tuft. (f) A higher magnification of
optical section 16 from the Z-stack. Single fluorescent channels of the inset marked by the
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dashed box show EGFP (f1) and tdTomato (f2). Further magnified images of the area
marked by the dashed box with a migrated tdTomato* EGFP* PEC are shown in following
panels: (f3) EGFP, (f4) TdTomato, and (f5) merge. Antibodies were not required to detect
EGFP and tdTomato reporters. These results provide genetic proof that at FSGS day 28, a
subset of tdTomato* PECs that migrated to the glomerular tuft transdifferentiate to a
podocyte fate. Bars = 25 um or 5 um (insets).
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Figure 4|. tdTomato™ parietal epithelial cells (PECs) on the glomerular tuft at focal segmental
glomerulosclerosis (FSGS) day 56 show genetic evidence of transdifferentiation toward a
podocyte fate.

(a-e) Consecutive confocal optical images from top to bottom through a glomerulus
compiled as a Z-stack of PEC-rtTA | LC1 | tdTomato | Nphs1-FLPo | FRT-EGFP (PEC-
PODO) mice given doxycycline at FSGS day 56 show enhanced green fluorescent protein
(EGFP; green), tdTomato (red), and merge (yellow). Yellow cells are detected on the
glomerular tuft and are particularly visible in panels b-d. Panels c-e show evidence of
another yellow cell. (f) A higher magnification of optical section 32 from the Z-stack. Single
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fluorescent channels of the inset marked by the dashed box show EGFP (f1) and tdTomato
(f2). Further magnified images of the area marked by the dashed box with a migrated
tdTomato* EGFP* PEC are shown in panels (f3) EGFP, (f4) TdTomato, and (f5) merge.
Antibodies were not required to detect EGFP and tdTomato reporters. These results provide
genetic proof that at FSGS day 56, a subset of tdTomato* PECs that migrated to the
glomerular tuft transdifferentiate to a podocyte fate. Bars = 25 um or 5 pm (insets).
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Figure 5|. A subset of tdTomato™ parietal epithelial cells (PECs) that have migrated to the tuft
after podocyte loss acquire a podocyte fate and begin to express the podocyte protein podocin.

Representative confocal micrographic images of enhanced green fluorescent protein (EGFP)
* (green), tdTomato (red), and podocin (blue) at baseline, day 28 (D28), and day 56 (D56) of
focal segmental glomerulosclerosis (FSGS). Panels labeled with numbers 1 and 4 represent
EGFP (green); 2 and 5, tdTomato (red); and 3 and 6, immunofluorescence co-stained with
the podocyte marker podocin (blue). (a) At baseline, the majority of EGFP* cells (a1, a4)
co-localized with podocin (a3, a6) (marked with dashed arrows), and tdTomato™ PECs are
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detected along Bowman’s capsule (a2, a5) (marked with white arrowheads). (b) At day 28
of FSGS, a tdTomato™ PEC (b2, b5) (marked with solid arrows in dashed box) has migrated
onto the glomerular tuft, has transdifferentiated to a podocyte fate, and co-expresses EGFP
(green) (b1, b4) and podocin (blue) (b3, b6), creating a pink/yellow color (b). (c) At FSGS
day 56, a tdTomato* PEC (c2, ¢5) has migrated onto the glomerular tuft, has
transdifferentiated to a podocyte fate, and co-expresses EGFP (green) (c1, c¢4) and podocin
(blue) (c3, c6), creating a pink/yellow color (¢, marked with solid arrows). Bars = 25 pm or 5
pm (insets).
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Figure 6|. A subset of tdTomato™ parietal epithelial cells (PECs) that have migrated to the tuft
after podocyte loss acquire a podocyte fate and begin to express the podocyte protein nephrin.

Representative confocal images of immunostaining at baseline, day 28 (D28), and day 56
(D56) of focal segmental glomerulosclerosis (FSGS). Panels labeled with numbers 1 and 4
represent enhanced green fluorescent protein (EGFP; green, podocytes); 2 and 5, tdTomato
(red); and 3 and 6, nephrin (blue). (a) At baseline, the majority of EGFP* cells (a1, a4) co-
localized with nephrin (a3, a6), and tdTomato* PECs are detected along Bowman’s capsule
(a2, a5). (b) At day 28 of FSGS, a tdTomato™ PEC (b2, b5) (marked with solid arrows in the
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dashed box) has migrated onto the glomerular tuft, transdifferentiated to a podocyte fate, and
co-expresses EGFP (green) (b1, b4) and nephrin (blue) (b3, b6), creating a pink/white color
(b). (c) At FSGS day 56, a subpopulation of tdTomato* PECs have migrated to the
glomerular tuft and remained red (marked with dashed arrows). A tdTomato* PEC (c2, c5)
has migrated onto the glomerular tuft, transdifferentiated to a podocyte fate, and co-
expresses EGFP (green) (c1, c4) and nephrin (blue) (c3, ¢6), creating a pink/white color (c,
marked with solid arrows). Bars = 25 um or 5 pm (insets).
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Figure 7|. A subset of tdTomato™ parietal epithelial cells (PECs) that have migrated to the tuft
after podocyte loss acquire a podocyte fate and begin to express the podocyte protein p57.

Representative images of 4-color immunostaining at baseline, day 28 (D28), and day 56
(D56) of focal segmental glomerulosclerosis (FSGS). The panels in the 2 right columns
show individual colors for collagen IV (green), tdTomato (red), enhanced green fluorescent
protein (EGFP; blue), and p57 (cyan); the column on the far right shows higher
magnification images of the area highlighted with the dashed boxes. (a) At baseline, the
majority of EGFP* cells (blue) (a3, a7) co-localized with p57 (a4, a8) and tdTomato* PECs

Kidney Int. Author manuscript; available in PMC 2020 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kaverina et al.

Page 29

(red) (a2, a6) are detected along Bowman’s capsule, delineated by collagen 1V (green) (a1,
ab). (b) At day 28 FSGS, a tdTomato™ PEC (red) (b2, b6) has migrated to the glomerular
tuft, transdifferentiated to a podocyte fate, and co-expresses EGFP (blue) (b3, b7) and p57
(cyan) (b4, b8), creating a white color (b), marked with a solid arrow. Bowman’s capsule
and glomerular tuft are delineated with collagen 1V (green) (b1, b5). (c) At day 56 FSGS, a
number of tdTomato™ PECs (red) (c2, ¢6) have migrated to the glomerular tuft,
transdifferentiated to a podocyte fate, and co-expressed EGFP (blue) (c3, ¢7; ¢, magenta
color, dashed arrows). A subpopulation of those cells co-stained for the podocyte marker
p57 (cyan) (c4, ¢8) (c, white color, solid arrows). Bowman’s capsule and the glomerular tuft
are delineated with collagen IV (green) (c1, ¢5). Bars = 25 pm or 5 pm (insets).
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Figure 8|. Migrated tdTomato™ parietal epithelial cells (PECs) de novo express podocyte-specific
VEGF164 in experimental focal segmental glomerulosclerosis (FSGS).

Representative images of 4-color immunostaining at baseline and day 28 (D28) FSGS. The
panels in the right 2 columns show individual colors for enhanced green fluorescent protein
(EGFP; green, podocyte reporter), tdTomato (red, PEC reporter), VEGF164 (blue, podocyte-
specific vascular endothelial growth factor [VEGF] variant) and 4,6-diamidino-2-
phenylindole (DAPI; white/gray) to mark nuclei; the panels on the far right show higher
magnification images of the area highlighted with the dashed boxes. (a) At baseline, the
majority of EGFP* cells (green) (al, a5) co-localized with VEGF 164 (blue) (a3, a7), and
tdTomato* PECs (red) are detected along Bowman’s capsule (a2, a6), nuclei as marked by
DAPI (white) (a4, a8). (b) At day 28 FSGS, a tdTomato* PEC (red) (b2, b6) has migrated to
the glomerular tuft, transdifferentiated to a podocyte fate, and co-expresses EGFP (green)
(b1, b5) and VEGF 164 (blue) (b3, b7), nuclei as marked by DAPI (white) (b4, b8), creating
a pink/yellow color (b). Bars = 25 pm or 5 pm (insets).
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Figure 9. Ultrastructural features of podocyte derived from parietal epithelial cell (PEC) origin
in experimental focal segmental glomerulosclerosis (FSGS).

(a—e) Z-stack of confocal images of a region of a glomerulus from a PEC-rtTA/LCI/
tdTomato| NphsI-FLPo FRT-EGFP (PEC-PODO) mouse at day 28 FSGS. A tdTomato™ PEC
has migrated to the glomerular tuft, transdifferentiated to a podocyte fate, and co-expresses
enhanced green fluorescent protein (EGFP; green), creating a yellow color. (b) There are
clear interdigitations (marked with solid white arrows) between the red/yellow PEC and the
native green podocytes that have remained on the glomerular basement membrane. (f) A
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higher magnicfiation of optical section 32. Primary, secondary, and minor process formation
of the newly generated podocyte is highlighted in the dashed box; panels with numbers show
tdTomato (f1, red), EGFP (f2, green), and merge (f3, yellow). (g) Higher-magnification
image of a podocyte derived from PEC lineage (yellow). Note that main processes are
formed from the lateral branches (marked with solid arrows). Bars = 25 um or 5 um (inset)
and are in pre-expansion dimensions.
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Empirical Modeling of Podocyte Injury Dynamics: SIR Model
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Figure 10|. Empirical modeling of podocyte injury dynamics: susceptible, infected, and recovery
(SIR) model.

(a-d) Schema of parietal epithelial cell (PEC) migration from Bowman’s capsule to the
glomerular tuft. (a) Labeling of PECs (red) on Bowman’s capsule and podocytes (green)
within the normal glomerular tuft before disease onset. (b) After induction of focal
segmental glomerulosclerosis (FSGS), podocytes on the glomerular tuft are injured/lost
(purple). (c) Podocyte injury/loss induces migration of PECs from Bowman’s capsule to the
glomerular tuft (red). (d) Approximately 65% of red PECs convert (transdifferentiate) to
yellow podocytes. (e) SIR dynamics for b = 0.4 and k = 1/3. The dynamics mirror
qualitatively what is observed for injured podocytes and their recovery through the migration
of PECs into the glomerulus and their transdifferentiation to podocytes. Note the color
coding of the dynamics is consistent with panels (a-d). (f) Graphical illustration of podocyte
number change during FSGS: total number of podocytes in the glomerular tuft, which is a
sum of the green and yellow podocytes.
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