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CXCL12 blockade preferentially regenerates
lost podocytes in cortical nephrons by
targeting an intrinsic podocyte-progenitor
feedback mechanism
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Insufficient podocyte regeneration after injury is a central
pathomechanism of glomerulosclerosis and chronic kidney
disease. Podocytes constitutively secrete the chemokine
CXCL12, which is known to regulate homing and activation
of stem cells; hence we hypothesized a similar effect of
CXCL12 on podocyte progenitors. CXCL12 blockade
increased podocyte numbers and attenuated proteinuria in
mice with Adriamycin-induced nephropathy. Similar
studies in lineage-tracing mice revealed enhanced de novo
podocyte formation from parietal epithelial cells in the
setting of CXCL12 blockade. Super-resolution microscopy
documented full integration of these progenitor-derived
podocytes into the glomerular filtration barrier,
interdigitating with tertiary foot processes of neighboring
podocytes. Quantitative 3D analysis revealed that
conventional 2D analysis underestimated the numbers of
progenitor-derived podocytes. The 3D analysis also
demonstrated differences between juxtamedullary and
cortical nephrons in both progenitor endowment and
Adriamycin-induced podocyte loss, with more robust
podocyte regeneration in cortical nephrons with CXCL12
blockade. Finally, we found that delayed CXCL12 inhibition
still had protective effects. In vitro studies found that
CXCL12 inhibition uncoupled Notch signaling in podocyte
progenitors. These data suggest that CXCL12-driven
podocyte-progenitor feedback maintains progenitor
quiescence during homeostasis, but also limits their
intrinsic capacity to regenerate lost podocytes, especially in
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cortical nephrons. CXCL12 inhibition could be an
innovative therapeutic strategy in glomerular disorders.
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cyte loss—related glomerulosclerosis, for example, in ag-

ing, diabetes, hypertension, and glomerulonephritis."
In search of a potential cure for progressive glomerulosclerosis,
we previously found that blocking the chemokine CXCL12
(CXC chemokine ligand 12; formerly named stromal cell-
derived factor-1) protected mice with type 2 diabetes from
albuminuria, podocyte loss, progressive glomerulosclerosis,
and chronic kidney disease.”” The pathophysiology behind
this renoprotective effect remained unclear.

CXCL12 is an extensively studied chemokine with
numerous biological functions.” Reticular stromal cells of
the bone marrow secrete CXCL12 as a signal for homing and
quiescence of CXC chemokine receptor 4 (CXCR4)—positive
hematopoietic stem cells in their bone marrow niche.”* This
function is already exploited for medical use, as a single dose
of a CXCR4 antagonist is sufficient to mobilize hemato-
poietic stem cells from their bone marrow niche into the
blood stream, increasing the efficacy of stem cell apheresis
for bone marrow transplantation.” The capacity of CXCL12
to regulate the behavior of stem cells or immature pro-
genitors has become evident in many organs including the
kidney.'* "

On the basis of the aforementioned biological roles, we
speculated on similar regulatory roles of CXCL12 in local
progenitor cells during glomerular injury and repair. Indeed,
several groups independently reported lineage tracing evi-
dence that local podocyte progenitors can migrate to the

C hronic kidney disease is often a consequence of podo-
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glomerular tuft and stain positive with podocyte markers.'” '

However, these data were largely debated for 4 reasons: un-
defined cell lineage,'”'” low numbers of progenitors entering
the tuft,'”” " conflicting evidence that these cells ultimately
integrate into the glomerular filtration barrier,'”” > and
absence of new podocytes in injury-unrelated kidney hyper-
trophy models.'*'®'” To overcome these limitations, we used
a validated lineage tracing system for podocyte progenitors, 3-
dimensional (3D) versus 2-dimensional (2D) tissue analysis, a
comparison of juxtamedullary and cortical nephrons, and
stimulated emission depletion (STED) microscopy to unravel
the biology underlying the renoprotective effect of CXCL12
inhibition in glomerular disease. We hypothesized that
podocyte-derived CXCL12 would be an intrinsic inhibitor of
progenitor activation during homeostasis and disease and
identified the same as a previously unknown podocyte-
progenitor feedback mechanism. In addition, we found a
series of explanations for the seemingly low numbers of re-
generated podocytes in previous studies.

RESULTS

CXCL12 inhibition attenuates glomerulosclerosis in
Adriamycin-induced nephropathy

We first sought to test CXCL12 blockade in a model of
podocyte injury. We induced Adriamycin (ADR) nephrop-
athy (AN) in male mice of the highly susceptible Balb/cAncrl
strain that develops significant proteinuria and glomerulo-
sclerosis within 2 weeks after a single ADR injection.'®"”
Spatial CXCL12 expression localized to the cell bodies of
glomerular podocytes as demonstrated by colocalization
with podocin (Figure la; Supplementary Figure S1A), and
podocyte CXCL12 expression significantly declined with
progression of AN (Figure la and b), revealing some posi-
tivity in von Willebrand factor—positive endothelial cells but
not in claudin-1-positive parietal epithelial cells (PECs)
(data not shown). In contrast, CXCL12 receptors CXCR4
and CXC chemokine receptor 7 (CXCR7) were largely
expressed in glomerular cells (Supplementary Figure SIA
and B). Next, we used CXCL12 inhibition with NOX-A12, a
specific inhibitor that binds to CXCL12 with subnanomolar
affinity, inhibits mouse CXCL12 with a half-maximal
inhibitory concentration of 300 pmol/1,4 and does not
affect the kidney if given to healthy mice (Supplementary
Figure SIC and D). At 14 days, CXCL12 blockade had

d

significantly increased podocyte counts and attenuated the
increase in proteinuria, glomerular lesions, as well as renal
dysfunction as compared with controls treated with an
inactive version of the inhibitor (Figure 1c—f; Supplementary
Figure S1E). Thus, CXCL12 contributes to glomerular pa-
thology and dysfunction in AN.

CXCL12 inhibition promotes de novo podocyte formation
from Pax2+ PECs in AN

Testing for a specific role of CXCLI12 in progenitor-driven
podocyte regeneration in vivo requires a lineage tracing
approach with specific and irreversible labeling of pro-
genitors before the onset of injury. For this we used
Pax2.rtTA; TetO.CremT/mG, a transgenic mouse strain
allowing lineage tracing of podocyte progenitors as well as
quantifying the effects of drugs to modulate their capacity to
replace podocytes lost during glomerular injury, for
example, in AN.'*" Hence, we first induced the mT/mG
transgene switch in Pax2+4 cells with doxycycline, which
resulted in selective green fluorescent protein (GFP) labeling
of the Pax2+ subset of PECs in glomeruli (Figure 2a).
Neither podocytes nor any other cell type of the glomerular
tuft were labeled with GFP before injury (Figure 2a). After a
doxycycline washout of 1 week, fate mapping of these cells
became possible (Figure 2b). Potential Cre leakage and
subsequent GFP positivity of cells in the absence of doxy-
cycline was excluded by appropriate long-term control ex-
periments as previously reported in detail (Supplementary
Figure S2)."> Only then we induced AN by 2 subsequent
injections, because the less susceptible genetic background
of transgenic mice required a different protocol for AN
induction (Figure 2b). CXCLI2 inhibition significantly
reduced proteinuria, whereas the inactive compound dis-
played a progressive increase in proteinuria with time
(Figure 2c). These readouts were associated with the
appearance of Pax2+PEC-derived green cells within the
glomerular tuft (Figure 2d) that costained with the podocyte
markers synaptopodin, podocin, and nephrin (Figure 2e-h),
as well as with podocyte morphology (Figure 2g). Quanti-
tative 2D analysis revealed a significant increase in glomeruli
with Pax2+PEC-derived new podocytes in mice treated
with the CXCL12 inhibitor (Figure 2i) (ADR+control: 1.07
+ 0.06; ADR+NOX-A12: 1.66 + 0.25 Pax2+PEC-derived
new podocytes per glomerulus) (data not shown). We

-

Figure 1| CXC chemokine ligand 12 (CXCL12) expression and inhibition in Adriamycin (ADR)-induced nephropathy of Balb/cAncrl mice.
(@) ADR nephropathy was induced in Balb/cAncrl mice, and glomerular CXCL12 expression was assessed by immunostaining and confocal
microscopy. CXCL12 is shown in green, costaining for podocin/NPHS2 in red, and cell nuclei with 4’,6-diamidino-2-phenylindole (DAPI) in white.
Healthy control mice are shown for comparison. Insets show a detail as merged and split images for green and red colors. Bar = 20 pm.
(b) Glomerular CXCL12 positivity was quantified by digital morphometry at several time points: day 8, 11, and 28 after ADR nephropathy
induction (T8, T11, and T28). Data are from at least 15 glomeruli of 5 mice per group. (c-f) CXCL12 was blocked for 14 days by NOX-A12.
(c) Proteinuria was determined as the urinary albumin/creatinine ratio. (d) Blood urea nitrogen (BUN) was determined as a marker of renal
excretory function. (e,f) Podocytes were identified as Nephrin/WT-1+ cells by immunostaining and counted per glomerular cross section.
CXCL12 expression was localized to podocytes by CXCL12 (green)/WT-1 (red)/TO-PRO-3 (blue) staining. Glomerular lesions were identified

in periodic acid-Schiff (PAS)-stained sections. Bar = 20 um. Data are mean + SEM from at least 5 mice per group. *P < 0.05, **P < 0.01,
***p < 0.001. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 2| CXC chemokine ligand 12 inhibition drives de novo podocyte generation from Pax2 + progenitor cells in mice of the C57BL/6
background. (a) Representative glomeruli with Pax2+ cells (green) in Bowman's capsule (arrows) in the cortex of a healthy
Pax2.rtTA;TetO.Cre;mT/mG mouse kidney (Pax2-+TomRed). (b) Experimental scheme of control- and NOX-A12-treated Pax2+TomRed mice with
Adriamycin (ADR)-induced nephropathy. I° and II°, first and second injections, respectively, of doxorubicin hydrochloride. (c) Albumin/creatinine
ratio in control- and NOX-A12-treated Pax2-+TomRed mice with ADR-induced nephropathy; day 0 corresponds to the time of second doxo-
rubicin injection. *P < 0.05. (d) Representative glomerulus of a NOX-A12-treated Pax2+TomRed mouse with ADR-induced nephropathy.
Pax2+PEC-derived cells (green) are now also observed inside the glomerular tuft. (e~h) Such intraglomerular Pax2+PEC-derived cells colabel
with the podocyte markers synaptopodin (Syn; e and f: blue), podocin (g: blue), and nephrin (continued)
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conclude that CXCL12 inhibition promotes de novo podo-
cyte formation from Pax2+PECs in AN.

STED super-resolution microscopy reveals new podocytes to
fully integrate into the glomerular filtration barrier

To evaluate the ultrastructural phenotypic features of
Pax2+PEC-derived cells within the tuft, we performed
STED super-resolution microscopy. The mutually exclusive
expression of GFP or tdTomato in new versus preexisting
podocytes allowed us to image areas where alternating foot
processes are expressing GFP or tdTomato, respectively
(Figure 3; Movie S1). Morphometric analyses revealed that
the width of individual tertiary foot processes of regenerated
podocytes was comparable to that determined by trans-
mission electron microscopy, with dimensions ranging from
0.1 to 0.2 pm (Figure 3). Interdigitating tertiary foot pro-
cesses between new and preexisting podocytes also pre-
sented at the expected distance of 0.04 pwm (Figure 3).
Indeed, secondary and tertiary foot processes interdigitating
between regenerated and preexisting podocytes both
expressing synaptopodin (Figure 3e) surrounded the entire
glomerular capillaries by forming a whole net revealing slit
diaphragms (Figure 3). Thus, the Pax2+PEC-derived cells
display all structural features of fully differentiated podo-
cytes and fully integrate into the injured glomerular filtra-
tion barrier.

Quantitative 3D analysis shows more podocyte regeneration
than what can be revealed by conventional 2D tissue analysis
The percentage of glomeruli displaying novel Pax2+PEC-
derived podocytes appeared a bit less to explain the pro-
found effects of CXCL12 inhibition on proteinuria and
glomerulosclerosis. Upon speculating on a low sensitivity of
conventional 2D tissue analysis, we also performed 3D
analysis on the same kidneys that revealed approximately 3-
fold higher numbers of glomeruli with de novo Pax2+PEC-
derived podocytes and that CXCL12 blockade induced
podocyte regeneration in as many as 25% of all glomeruli in
this model of focal segmental glomerulosclerosis (Figure 4).
The z-stack analysis used to perform the 3D reconstruction of
the glomerulus showed that the detection of regenerated
podocytes was highly dependent on which section was used
for 2D analysis and its thickness (Figure 4a’; Movie S2).
Indeed, the possibility to detect regenerated podocytes with
10-um sections used for histology was quite low. In partic-
ular, 2D analysis had a low probability of detecting the re-
generated podocytes localized inside the tuft and their
intricate foot processes interaction, which could instead be
appreciated with 3D analysis (Figure 4b, b/, and c). Thus,
quantitative 3D analysis overts substantially more podocyte

o

regeneration than what can be revealed by conventional 2D
analysis.

Juxtamedullary and cortical nephrons differ in terms of
podocyte loss and podocyte regeneration

As a second possible reason, we speculated that in AN not all
nephrons would be injured and indeed require podocyte
regeneration. To address this issue, we used Nphs2.i-
CreERT2;mT/mG mice that, upon transgene induction, allow
us to specifically irreversibly label preexisting podocytes in
green and to define podocyte endowment and quantitative loss
during AN by 3D analysis. We found that only 47.91% of
nephrons were injured. Interstingly, 3D analysis revealed large
differences in podocyte numbers and injury in cortical and
juxtamedullary nephrons (Figure 5a—f). Higher percentages of
juxtamedullary nephrons than of cortical nephrons faced
injury (81.25% of juxtamedullary nephrons vs. 39.58% of
cortical nephrons), but as juxtamedullary nephrons constituted
only 20% of all nephrons, the absolute number of injured
cortical nephrons was twice as high (Figure 5a—c). In addition,
juxtamedullary nephrons were endowed with significantly
more podocytes at baseline of which they lost ~35% whereas
cortical nephrons had less podocytes and lost only ~15%
during AN (Figure 5d). Thus, the few juxtamedullary nephrons
injured lost 4 times more podocytes per nephron than did
cortical nephrons (Figure 5h) and altogether lost almost twice
as many podocytes than did cortical nephrons (Figures 5f).
Next, we used Pax2.rtTA;TetO.Cre;mT/mG mice that allow us
to irreversibly label Pax24 progenitors and define progenitor
endowment before as well as de novo podocyte generation
during AN in the 2 types of nephrons by 3D analysis. Cortical
nephrons were endowed with twice as many Pax2+4 pro-
genitors per glomerular podocyte count at baseline (Figure 5g).
Pax2+ progenitors regenerated virtually all podocytes lost in
cortical nephrons but <10% of podocytes lost in juxtame-
dullary nephrons (Figure 5h). Thus, the 25% of glomeruli
involving Pax2+ cells for podocyte regeneration over total
number of glomeruli actually represented the 52.64% of all
injured glomeruli and were in large part completely regener-
ated, limiting the residual podocyte loss to a small subset of
highly injured juxtamedullary glomeruli (Figure 5i). In sum-
mary, our 3D analysis revealed that juxtamedullary and cortical
nephrons differ in terms of progenitor and podocyte endow-
ment, podocyte loss during AN, and their capacity to replace
lost podocytes and to repair filtration barrier injury.

CXCL12 suppresses the activation of podocyte progenitors by
suppressing Notch signaling

We have previously shown that CXCL12 suppresses renal
progenitor cells (RPCs) to differentiate into podocytes

]

Figure 2 | (continued) (h: blue) and present a podocyte-like appearance with primary and secondary foot processes. Split images of
Pax2+PEC-derived Syn+ cell inside the glomerulus is shown. 4’,6-Diamidino-2-phenylindole (DAPI) counterstains nuclei (white). (i) Percentage
of glomeruli with Pax2+PEC-derived podocytes over total number of glomeruli in control- and NOX-A12-treated Pax2+TomRed mice with
ADR-induced nephropathy. n = 4 for each group. *P < 0.05. PEC, parietal epithelial cell. (a,d,e,f,g,h) Bar = 20 um. (e’) Bar = 10 pm. To optimize
viewing of this image, please see the online version of this article at www.kidney-international.org.
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in vitro.” As Notch is an important regulator of the
progenitor-podocyte axis,”' we explored the possibility that
intrinsic CXCL12 is a regulator of Notch signaling in these
cells by performing further in vitro studies. CXCL12 inhibi-
tion upregulated Notch-related genes in ADR-stimulated
RPCs but not in differentiated podocytes (Figure 6a). In
addition, podocyte supernatants alone did not elicit mitogenic
effects on RPCs but adding CXCL12 inhibitor did—an effect
that was completely neutralized by the Notch inhibitor N-[N-
(3,5-difluorophenacetyl)-1-alanyl]-S-phenylglycine t-butyl
ester (Figure 6b). Thus, intrinsic CXCL12 suppresses Notch
whereas CXCL12 inhibition recovers Notch signaling in
Pax2+PECs and promotes their activation. We previously re-
ported that RPCs selectively express Notch-3 proteins during
AN.”" On the basis of this observation, we performed immu-
nostaining for the Notch-3 intracellular domain. Our results
confimed that Notch-3 localized mostly to RPCs of injured
glomeruli. Interestingly, Notch-3 protein expression in RPCs
was also markedly increased with CXCL12 inhibition in Balb/
cAncrl mice (Supplementary Figure S3). Together, these results
show that CXCL12 inhibition induces Notch expression in
RPCs during glomerular injury, promoting their activation.

Delayed onset of CXCL12 inhibition is still therapeutic
Based on the above discussion, selective CXCL12 inhibition
should improve outcomes of glomerular injury, mainly by
modulating the healing phase of glomerular injury. This
characteristic could potentially offer the opportunity for
delayed intervention, which is important from a clinical
perspective, as diagnosis is mostly made late in the disease
process. To test this concept, we repeated identical AN ex-
periments in Balb/cAncrl mice as before but initiated CXCL12
inhibition only from day 7, a time point where proteinuria
was already present but structural injury was not yet as
obvious as compared to later time points (Figure 7a—d). Also,
delayed onset of CXCL12 inhibition significantly improved
blood urea nitrogen levels, proteinuria, and reduced cortical
glomerular lesions (Figure 7b—d). Together, even delayed
onset of CXCL12 blockade has the capacity to improve out-
comes of glomerular injury.

CXCL12 in human focal segmental glomerulosclerosis

To examine the expression of CXCL12 and its receptors in
human kidneys, we stained tissue samples of healthy kidneys
obtained from tumor-free nephrectomy samples and

o

diagnostic biopsies from patients found to be affected by focal
segmental glomerulosclerosis with antibodies specific for
CXCL12, CXCR4, and CXCR?7. In healthy kidneys, CXCL12
was expressed by all glomerular epithelial cells, cells of the
glomerular tuft, and PECs along Bowman’s capsule
(Figure 7e). CXCR4 was mostly expressed in PECs, and
CXCR7 was found in all cells of the tuft as well as in PECs. In
focal segmental glomerulosclerosis, CXCL12 showed the same
distribution pattern to parietal and visceral epithelia as far
these were maintained outside lesions. CXCR4 staining in-
tensity of the capsule had declined, whereas staining intensity
of CXCR7 in podocytes was strongly induced as compared to
respective healthy human tissues (Figure 7e). We conclude
that CXCL12 and its receptors are expressed in both types of
glomerular epithelia in human kidneys, that is, podocytes and
PECs.

DISCUSSION

We had hypothesized that the constitutive expression of
CXCL12 by podocytes has a homeostatic effect on their local
progenitors conceptually similar to its role in the bone
marrow and in other stem cell niches” and that this podocyte-
progenitor feedback also suppresses the intrinsic capacity of
progenitors for podocyte regeneration upon injury-related
podocyte loss. Our data confirm this concept and further
demonstrate that CXCL12 inhibition can improve outcomes
of AN by stimulating Pax2+ progenitors along Bowman’s
capsule to migrate in relevant numbers to the glomerular tuft,
differentiate into podocytes that fully integrate into the
glomerular filtration barrier, and attenuate proteinuria and
chronic kidney disease progression (Figure 8).

Starting from our first description of RPCs differentiating
into podocytes, the concept of an intrinsic source of podocyte
regeneration has been much debated. Here we provide
further data to resolve this issue using a lineage tracing tool
validated for fate mapping of renal progenitors during kidney
development and regeneration after glomerular and tubular
injury,"” 3D analysis, and STED super-resolution microscopy.
The last, for the first time, ultimately proves that Pax2+
progenitor-derived cells replace lost podocytes by fully inte-
grating into the glomerular filtration barrier. In addition, we
provide 2 novel explanations for the apparently low number
of regenerated podocytes, a source of doubts that intrinsic
podocyte regeneration could be meaningful in terms of
clinical outcomes. First, quantitative 3D analysis revealed that

<

Figure 3| Stimulated emission depletion (STED) analysis reveals that Pax2-derived podocytes are fully differentiated and integrated
into the glomerular filtration barrier. (a) Representative STED image of a Pax2-derived podocyte (enhanced green fluorescent protein
[EGFP+], green) inside the glomerular tuft of an Adriamycin (ADR) Pax2.rtTA;TetO.Cre;mT/mG mouse treated with NOX-A12. Gated STED

microscopy was applied to EGFP. The image was deconvolved using Huygens Professional software. The inset shows a drawing of the boxed
area to better visualize tertiary foot processes interdigitating with those of preexisting podocytes. Bar = 5 pim. (b) Higher magnification of the
ultrastructure of the Pax2-derived podocyte in (a). Bar = 2 um. (c) Representative deconvolved STED image of a Pax2-derived podocyte. Bar =5
um. () Higher magnification of the boxed area in (c). Bar = 2 um. (d) Representative deconvolved STED image of a Pax2-derived podocyte.
Bar = 5 um. (d’) Drawing of the boxed area in (d) to better visualize the foot processes wrapping the capillaries. (e) Representative deconvolved
STED image of a Pax2-derived podocyte stained with anti-Synaptopodin antibody (blue). Gated pulsed STED was applied to EGFP and Alexa
Fluor 647 fluorophore. Bar = 5 um. (e’) Drawing of (e) showing the foot processes (green) interdigitating with those of preexisting podocytes
(blue). To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 4| Quantitative 3-dimensional (3D) analysis overts substantially more podocyte regeneration than what can be detected by
conventional 2-dimensional (2D) analysis. (a) 3D reconstruction of a glomerulus showing Pax2+PEC-derived podocytes inside the
glomerular tuft in NOX-A12-treated Pax2.rtTA;TetO.Cre;mT/mG mouse (Pax2-+TomRed). (a’) Representative 2D z-section stacks of the 3D
reconstruction shown in (a). Images were taken from a 50-um-thick kidney slice, acquired at 1-um interval. Asterisks indicate the different
number of Pax2+PEC-derived podocytes counted inside the glomerular tuft in each 2D image. (Continued)
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the traditional 2D tissue analysis largely underestimates the
true amount of regenerated podocytes, completely missing
those glomeruli where few regenerated podocytes are present.
Second, we performed a separate analysis of cortical versus
juxtamedullary nephrons, stimulated by the observation that
the latter are more severely injured in many disorders
including AN”*** and are more frequently and more severely
affected by glomerulosclerosis.”””® Our data suggest that
juxtamedullary nephrons, which represent only 20%
of glomeruli, harbor more podocytes because they are
larger,””*” face substantially more ADR-induced podocyte
loss, and recover less from injury because they are endowed
with less Pax2+ progenitors per podocyte. In contrast,
cortical nephrons are smaller but much more numerous,””*®
have less podocytes, and lose only few podocytes during AN,
which they can recover more easily because cortical nephrons
have more Pax2+ progenitors per podocyte. Therefore, with
CXCL12 blockade the vast majority of injured cortical
nephrons fully recover from injury upon ADR exposure. This
may explain the strong reduction of proteinuria observed
with CXCL12 blockade. In contrast, juxtamedullary nephrons
show limited regeneration, but because they represent only a
small subset of glomeruli, they have a limited effect, which
justifies mild residual proteinuria. Interestingly, previous
studies showed that angiotensin II receptor blockers reduce
proteinuria by promoting glomerular regeneration selectively
on cortical nephrons in rats with diabetic nephropathy.’*”’
Our findings on nephron diversity in terms of injury and
intrinsic regenerative capacity may resolve several of the de-
bates in the field and ultimately identify podocyte progenitors
as a cellular target for innovative treatments for the preven-
tion of chronic kidney disease progression in glomerular
disorders.

As another innovative aspect of our study, we identify
CXCLI2 as a critical element of a podocyte-progenitor feed-
back axis, which unravels the previously unknown mecha-
nism of action of the podocyte-protective effect of the
CXCLI12 inhibitor NOX-A12 in type 2 diabetic db/db mice.””
We had already reported that NOX-A12 reverted CXCL12-
related suppression of RPC differentiaton into podocytes
in vitro, but the relevance of this phenomenon in vivo
remained unknown.” By using progenitor lineage tracing with
Pax2.rtTA; TetO.Cre;mT/mG mice, we show that CXCL12 in-
hibition significantly enhances podocyte regeneration from
their local Pax2+ progenitors. These results become partic-
ularly obvious using 3D tissue analysis. Consistently, CXCL12
inhibition substantially reduced proteinuria.

d

Mechanistically, CXCL12 inhibition seems to reverse the
suppressive effect of podocyte-derived CXCL12 on Notch
signaling and on progenitor differentation into podocytes, but
other mechanism may also apply. This finding would be in
line with the role of CXCL12 and Notch signaling in other
stem cell niches,”””>”” including the role of CXCL12 on stem
cell and progenitor cell survival.”*"** CXCLI2 signaling
creates complex interactions with numerous other signaling
pathways including Notch on stem cell functions, but the level
of CXCL12 and Notch signaling has not yet been identified.”
In addition, the ability of angiotensin inhibition to suppress
glomerular crescent formation through the CXCL12/CXCR4
axis might relate to enhanced progenitor differentiation into
podocytes.””” In addition, ADR injures endothelial cells
and it is likely that endothelial cell injury inside and outside
the kidney modulated some of the effects we observed,
including the stimulatory effect of CXCL12 blockade on
Pax2+ cell migration and differention.’®™*° Indeed, podo-
cyte injury is often a secondary effect to glomerular
endothelial cell damage.’® As another limitation of our
study, the mechanism of action was demonstrated only in a
single injury model (ADR), albeit in 3 mouse strains and
confirming our previous results obtained from a genetic
model of diabetic nephropathy.*’

CXCLI12 is also secreted by podocytes in the healthy hu-
man kidney and as human PECs in situ express both CXCL12
receptors, that is, CXCR4 and CXCR7. As in mice and
humans podocyte CXCL12 expression declines with pro-
gression of glomerulosclerosis, it is likely that this mechanism
described in mice also works the same way in humans.
Obviously, functional proof in humans is difficult. CXCR4
antagonists should disrupt the podocyte-progenitor feedback
but currently CXCR4 inhibition is approved only as one time
exposure to mobilize hematopoietic stem cells from the bone
marrow for allogenic stem cell transplantation. NOX-A12 is
currently being tested in clinical trials as adjunctive therapy
for multiple myeloma. Up to now no renal adverse events
have been reported.”’ Interestingly, Spiegelmers tend to in-
crease plasma concentrations of their target, probably by
retaining the inactive protein from degradation for some
time.” This may explain the more intense CXCL12 staining of
mice with AN treated with NOX-A12.

In summary, podocytes constitutively express CXCL12,
which maintains quiescence of Pax2+ podocyte progenitor
cells within the PEC layer along Bowman’s capsule, probably
via suppressing Notch signaling (Figure 8). This process limits
the progenitor’s potential to regenerate lost podocytes during

-

Figure 4 | (Continued) (b) 3D reconstruction of the same glomerulus shown in (a) with an x-plane (red) added to virtually dissect the glomerulus
in 2 parts. In the upper part, only green signal is shown; in the lower part, all 3 colors are shown. (b’) Higher magnification of foot processes
from Pax2-+PEC-derived podocytes in (b) (arrowheads). (c) 3D reconstruction of a glomerulus showing Pax2+ cells in the epithelium of
Bowman'’s capsule and Pax2+PEC-derived podocytes inside the tuft. 4,6-Diamidino-2-phenylindole (DAPI) counterstains nuclei (white).

(d) Percentage of glomeruli with Pax2+- cells within the tuft over total number of glomeruli. Quantitative analysis was performed in 10-um-thick
slices (2D analysis) and in 50-um-thick slices (3D analysis) in control- and NOX-A12-treated Pax2+TomRed mice with Adriamycin (ADR)-induced
nephropathy. *P < 0.05. (a,a’,b,c) Bar = 20 um. (b’) Bar = 10 um. To optimize viewing of this image, please see the online version of this article

at www.kidney-international.org.
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Figure 5| Adriamycin (ADR)-induced glomerular injury and regeneration in cortical versus juxtamedullary glomeruli.
Nphs2.iCreERT2;mT/mG mice were induced with tamoxifen, which labeled all cells expressing Nphs2, that is, the podocytes, at the moment of
induction in green. All other cells remain red, including all cells upregulating Nphs2 at any later time point. After a washout period, ADR
nephropathy was induced in some mice (ADR group). At 4 weeks after injury, animals were killed. (@) Schematic representation of the different
localization of cortical (orange) and juxtamedullary (white) nephrons. (b) Percentage of uninjured and injured glomeruli (black dashes) in the
cortex and juxtamedulla over the total number of glomeruli in ADR mice. Injured glomeruli in each region were defined as glomeruli with a
podocyte number lower than the mean-3SD value in healthy mice (41 for cortical glomeruli and 61.2 for juxtamedullary glomeruli). Data are
mean from 20 glomeruli per mouse. (c) Schematic representation of the different position, dimension, and injury in cortical versus juxtame-
dullary glomeruli in mice at 4 weeks after ADR. (d) Number of podocytes per glomerulus in the cortex (orange boxes) and juxtamedulla (white
boxes). The analysis was performed on healthy controls to compare the number of podocytes in each type (continued)
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Figure 6| CXC chemokine ligand 12 (CXCL12) modulates Notch signaling in renal progenitor cells in vitro and in adriamycin
(ADR)-induced nephropathy in vivo. (a) CXCL12 inhibition induced Notch-related transcripts in renal progenitor cells (RPCs), but not in
podocytes in vitro. All samples were treated with CXCL12 (100 nM), doxorubicin (2.5 uM), and revNOX-A12 (1 mg/ml; control) or NOX-A12
(1 mg/ml). Data are expressed as fold change expression compared to the cells treated with CXCL12 and doxorubicin in 3 independent
experiments, each performed in quintuplicate. *P < 0.05. (b) RPCs were cultured in normal medium with or without fetal bovine serum
(FBS) and addition of necrotic podocyte supernatant (NS), CXCL12 inhibitor (NOX-A12), control (revNOX-A12), and the y-secretase and Notch
inhibitor DAPT (N-[N-(3,5-difluorophenacetyl)-1-alanyl]-S-phenylglycine t-butyl ester). Cells were counted to quantify RPC proliferation. Data are
mean + SEM of 3 independent experiments, each performed in quintuplicate. Statistical testing was done as indicated. *P < 0.05.

glomerular injury (Figure 8). Finally, 3D tissue analysis is
needed to correctly quantify regeneration inside the glomer-
ulus and STED microscopy to confirm podocyte differentia-
tion. These analytical methods set new standards for study the

effect of podocyte regeneration in response to injury and in
the progression of glomerular disease as well as for analyzing
the effect of potential new drugs to target podocyte regener-
ation (Figure 8). We conclude that the CXCL12-mediated

d
|

Figure 5 | (continued) of glomerulus and in ADR mice (dashed boxes) to determine the number of lost podocytes in each type of glomerulus.
Data are mean £ SEM from at least 15 glomeruli per mouse. n = 4 healthy mice, and n = 4 ADR mice. ***P < 0.001 versus healthy mice.
(e) Representative 3-dimensional images for each group. Bar = 20 um. (f) Percentage of podocytes lost in cortical and juxtamedullary glomeruli
over the total number of lost podocytes in ADR mice. Data are mean from at least 15 glomeruli per mouse. n = 4 mice. (g) Percentage of
Pax2+PECs in Bowman'’s capsule over podocytes in cortical (orange) and juxtamedullary (white) glomeruli of Pax2.rtTA;TetO.Cre;mT/mG mice.
Data are mean £ SEM from at least 15 glomeruli per mouse. n = 3 mice. (h) Number of lost (black dashed columns) and new (green dashed
columns) podocytes per glomerulus in the cortex (orange columns) and juxtamedulla (white columns) in ADR+NOX-A12 mice (n = 4). Lost
podocytes were calculated, as in (d), in ADR Nphs2.iCreERT2;mT/mG mice, and new podocytes were defined as Pax2-derived podocytes inside the
tuft in ADR+NOX-A12 Pax2.rtTA;TetO.Cre;mT/mG mice. Data are mean = SEM. n = 4 mice per group. (i) Percentage of regenerated glomeruli
(green dashes) over total number of injured glomeruli in ADR mice treated with NOX-A12. Regenerated glomeruli were defined as glomeruli with
Pax2-derived podocytes (green) inside the tuft in Pax2.rtTA; TetO.Cre;mT/mG mice. All quantitative analyses were performed in 50-um-thick slices
(3D analysis). Cortex glom, cortical glomerulus; Juxta glom, juxtamedullary glomerulus; PEC, parietal epithelial cell. To optimize viewing of this
image, please see the online version of this article at www.kidney-international.org.
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podocyte-progenitor feedback is another in a series of pre-
viously identified mechanisms how chemokines critically
determine the resolution or progression of kidney diseases.*”
CXCLI12 inhibition could be a novel therapeutic strategy to
promote podocyte regeneration upon injury and to prevent
progressive glomerulosclerosis, one of the most common
causes of end-stage renal disease.

METHODS

Animal studies

Balb/cAncrl mice were procured from Charles River Laboratories
(Sulzfeld, Germany). Pax2.rtTA;TetO.CremT/mG and  Nphs2.i-
CreERT2;mT/mG mice of the C57BL/6 background were generated
and genotyped as described previously."” Further information is
given in Supplementary Procedures.

AN induction in transgenic mice and Balb/cAncrl mice

Seven- to 8-weeks-old transgenic mice received 2 successive retro-
orbital injections of 18 mg/kg of doxorubicin hydrochloride
(Sigma, Darmstadt, Germany) on day 7 and day 0. Balb/cAncrl mice
received a single tail vein injection of 13.4 mg/kg of doxorubicin
hydrochloride as described previously."

CXCL12 blockade

The anti-CXCL12 Spiegelmer NOX-A12 (NOXXON Pharma AG,
Berlin, Germany) and a control Spiegelmer of the same length but with
the reverse RNA sequence of NOX-A12 were used as described pre-
viously."” NOX-A12 binds to CXCLI12 with subnanomolar affinity
and inhibits mouse CXCL12 with a half-maximal inhibitory concen-
tration of 300 pmol/l.* For further details, see Supplementary
Procedures.

Assessment of kidney injury
Detailed procedures for proteinuria and blood urea nitrogen
assessment are reported in Supplementary Procedures.

Kidney tissues were fixed in 4% neutral buffered formalin and
embedded in paraffin as described previously.””*> For routine his-
tology and morphometric analysis, 4-{tm sections were stained with
periodic acid-Schiff reagent.

Immunofluorescence and confocal microscopy

Confocal microscopy was performed on 10-um frozen sections by
using an SP5 AOBS confocal microscope (Leica Microsystems,
Mannheim, Germany) equipped with a Chameleon Ultra II 2-
photon laser (Coherent, Santa Clara, CA). Detailed procedures are
given in Supplementary Procedures.

o

Podocyte quantification and analysis of injury and
regeneration
Podocyte quantification in Nphs2.iCreERT2;mT/mG mice was per-
formed on 3D reconstructions and the percentage of glomeruli with
Pax2+PEC-derived podocytes was performed in Pax2.rtTA;TetO.C-
re;mT/mG mice, both on 3D and 2D sections.

For detailed calculations, see Supplementary Procedures.

Quantification of total CXCL12 fluorescence in the glomerulus
Glomerular CXCL12 positivity was quantified as corrected total
fluorescence by digital morphometry at several time points using
ImageJ (National Institutes of Health, Bethesda, MD).* For detailed
calculations, see Supplementary Procedures.

STED microscopy

STED xyz images (i.e., z-stacks acquired along 3 directions: X, y, and
z axes) were acquired by using an SP8 STED 3X confocal microscope
(Leica). Collected images were deconvolved using Huygens Profes-
sional software version 18.04 (Scientific Volume Imaging B.V., Hil-
versum, The Netherlands) and analyzed using Imaris 7.4.2 software
(Bitplane, Zurich, Switzerland). Details are given in Supplementary
Procedures.

Human tissues

A total of 3 healthy kidneys and 4 renal biopsies from patients found
to be affected by focal segmental glomerulosclerosis were analyzed in
agreement with the Ethical Committee on Human Experimentation
of the Azienda Ospedaliero-Universitaria Careggi, Florence, Italy.
Normal kidney fragments were obtained from the pole opposite to
the tumor of patients who underwent nephrectomy for localized
renal tumors.

Real-time quantitative polymerase chain reaction
Real-time polymerase chain reaction was performed as described
previously.*® Details are given in Supplementary Procedures.

Cell culture studies

Human RPCs and podocytes were obtained as described previ-
12,21,47,48 . . 3

ously. Details are given in Supplementary Procedures.

Statistical analysis

Data are expressed as mean + SEM. Statistical analysis was per-
formed using GraphPad Prism 5 software (GraphPad Software Inc.,
La Jolla, CA). Significance of differences was determined using the
appropriate 2-sided ¢ test, Mann-Whitney U test, or 1-way analysis of
variance with post hoc Bonferroni correction used for multiple
comparisons. A P value of <0.05 was considered to indicate statis-
tical significance.

<

Figure 7| Delayed onset of CXC chemokine ligand 12 (CXCL12) inhibition improves functional and structural outcomes in adriamycin
(ADR)-induced nephropathy of Balb/cAncrl mice—CXCL12, CXC chemokine receptor 4 (CXCR4), and CXC chemokine receptor 7 (CXCR7)
expression in human kidney. (a) ADR nephropathy was induced in Balb/cAncrl mice and CXCL12 was blocked by NOX-A12 from day 7 to day
14. (b) Blood urea nitrogen (BUN) was determined as a marker of renal excretory function. (c) Proteinuria was determined as the urinary al-
bumin/creatinine ratio. Data are mean + SEM from at least 5 mice per group. (d) Periodic acid-Schiff-stained sections of ADR mice at day 7
before treatments and of ADR mice treated with control or NOXA-A12 from day 7 to day 14. Control mice with ADR-induced nephropathy
revealed severe lesions in juxtamedullary glomeruli (arrows) and also in some cortical glomeruli (arrowheads). CXCL12 inhibition with NOX-A12
reduced lesions, especially in cortical glomeruli (arrowheads) but less in juxtamedullary glomeruli (arrows). (e) Healthy human kidney tissues
and diagnostic biopsies of patients with focal segmental glomerulosclerosis (FSGS) were stained for CXCL12, CXCR4, or CXCR7 (green) and
nuclear DNA (TO-PRO-3, blue). Images of representative glomeruli were obtained by confocal microscopy. Bar = 20 pm. “P < 0.05 versus ADR
inhibitor control group. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 8| CXC chemokine ligand 12 (CXCL12)-driven podocyte-progenitor feedback mechanism for regenerating injury in cortical
glomeruli. (a) Note that focal podocyte injury does not necessarily abrogate the exposure of progenitors within the parietal epithelial cell (PEC)
layer to CXCL12 secreted by other podocytes, a process that sustains the inhibition of Notch signaling and progenitor activation that would be
needed for podocyte regeneration. CXCL12 blockade can overcome this intrinsic negative feedback and enforce podocyte regeneration, repair
glomerular filtration barrier injury, reduce proteinuria, and prevent from glomerulosclerosis. (b) Toxic glomerular injury (red glomeruli) affects
predominately glomeruli of juxtamedullary nephrons (large circles) that are also less endowed with podocyte progenitors and therefore
frequently end in irreversible glomerular scarring and persistent proteinuria. In contrast, glomeruli of cortical nephrons (smaller circles), that is,
80% of all nephrons, face rather mild podocyte injury (yellow glomeruli) and are equipped with more podocyte progenitors and thus frequently
completely recover from filtration barrier injury by podocyte regeneration (green glomeruli); therapeutic CXCL12 inhibition can stimulate
progenitor-driven podocyte regeneration according to the predominant distribution of progenitors in cortical nephrons, which improves renal
function and reduces proteinuria, with remaining proteinuria from nonregenerated juxtamedullary nephrons.
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SUPPLEMENTARY MATERIAL

Figure S1. (A) Immunostaining for secondary antibodies as control for
the double staining of Figure 1a (CXCL-12+Podocin+DAPI). Goat anti-
mouse IgG1 (the secondary antibody of CXCL-12) in green, goat anti-
rabbit IgG (the secondary antibody of Podocin) in red, and DAPI in
white. Scale bar = 20 um. (B) Immunostaining for CXCR4 and CXCR7 in
Adriamycin nephropathy of Balb/cAncrl mice. Representative images
are shown of healthy and injured glomeruli at different time points as
indicated. Arrows point to positive cells on Bowman'’s capsule. Scale bar
= 25 pm. (€) CXCL12 inhibition in healthy animals showed no
significant variation in the albumin/creatinine urinary ratio after 2
weeks of treatment. n = 6 per group. Data are expressed as mean +
SEM. (D) No major glomerular lesions were found in the endpoint day
14 after treatment with the inhibitor compared with the control
(representative pictures). n = 6 for group. Scale bars = 20 pum. (E) PAS-
stained sections of Balb/cAncrl mice with Adriamycin-induced
nephropathy treated with control or NOX-A12. Scale bars = 100 um.
Figure S2. Pax2 immunostaining on mouse sections. (A,B) Pax2
immunostaining (blue) was performed on sections of healthy (A) and
ADR-+NOX-A12 (B) Pax2.rtTA;TetO.Cre;mT/mG mice. DAPI
counterstains nuclei. Arrows point to EGFP+ cells that were also
positive for Pax2-antibody (green/blue cells) in the glomerulus.
Arrowheads point to cells inside the tuft that are positive for Pax2-
antibody but EGFP-. Asterisk points to a Pax2-derived podocyte inside
the tuft that is negative for Pax2-antibody. Bars = 20 pum.

Figure S3. Immunostaining for Notch in Balb/cAncrl mice. The Notch
intracellular domain (NICD)-3 is stained in green, nephrin in red, and
To-pro-3 in blue in mice with adriamycin (ADR)-induced nephropathy
treated with the CXCL12 inhibitor NOX-A12 or inactive control. Note
that CXCL12 inhibition induces Notch also inside the glomerulus,
namely in PECs. Representative images are shown. Scale bar = 20 um.
Supplementary Procedures.

Movie S1. STED super-resolution microscopy reveals Pax2+PEC-
derived cells (EGFP+, green) within the tuft (tdTomato, red) of an
Adriamycin Pax2.rtTA;TetO.Cre;mT/mG mouse treated with NOX-A12.
These cells displayed all structural features of fully differentiated
podocytes and fully integrated into the glomerular filtration barrier.
Movie S2. Pax2+PECs of the Bowman’s capsule generate new
podocytes (green) in the injured tuft (red) of an Adriamycin
Pax2.rtTA;TetO.Cre;mT/mG mouse treated with NOX-A12. Red and
white signals (td Tomato and DAPI, respectively) are virtually
removed along the y axis in order to better show the Pax2+PEC-
derived cells (green) inside the tuft.

Supplementary material is linked to the online version of the article at
www.kidney-international.org.
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