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Abstract 
The rapidly developing field of renal spheroids and organoids has emerged as a valuable tool for modeling nephrotoxicity, kidney disorders, and 
kidney development. However, existing studies have relied on intricate and sophisticated differentiation protocols to generate organoids and 
tubuloids, necessitating the external administration of multiple growth factors within precise timeframes.
In our study, we demonstrated that human adult renal progenitor cells (ARPCs) isolated from the urine of both healthy subjects and patients 
can form spheroids that naturally generated very long tubule-like structures. Importantly, the generation of these tubule-like structures is driven 
solely by ARPCs, without the need for the external use of chemokines or growth factors to artificially induce this process. These tubule-like 
structures exhibit the expression of structural and functional renal tubule markers and bear, in some cases, striking structural similarities to var-
ious nephron regions, including the distal convoluted tubule, the loop of Henle, and proximal convoluted tubules. Furthermore, ARPC spheroids 
express markers typical of pluripotent cells, such as stage-specific embryonic antigen 4 (SSEA4), secrete elevated levels of renin, and exhibit 
angiogenic properties. Notably, ARPCs isolated from the urine of patients with IgA nephropathy form spheroids capable of recapitulating the 
characteristic IgA1 deposition observed in this disease. These findings represent significant advancements in the field, opening up new avenues 
for regenerative medicine in the study of kidney development, mechanisms underlying renal disorders, and the development of regenerative 
therapies for kidney-related ailments.
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Graphical abstract 

Significance statement
Renal progenitors isolated from the urine of patients can form spheroids expressing stem cell markers and can successfully expand. 
When generated by a mixed cell population of adult renal progenitor cells and CD133− cells, these spheroids can naturally form very long 
tubule-like structures without using complex protocols with chemokines or growth factors. This is a significant advancement in the field, 
especially considering that these cells can be isolated from the urine of patients to generate spheroids capable of recapitulating diseases, 
as we showed for IgA Nephropathy.

Introduction
Chronic kidney disease (CKD) affects up to 10% of the world’s 
population and poses a significant global health challenge 
with substantial financial implications for healthcare systems. 
The progression of CKD is expedited by repeated occurrences 
of acute kidney injury.1,2 This condition is characterized by tu-
bular atrophy and interstitial fibrosis.3,4 Under normal physi-
ological conditions, intrinsic repair mechanisms facilitate the 
preservation of normal kidney parenchyma; however, failure 
to repair can occur in cases of severe and/or repetitive injury.

Nevertheless, renal tubular cells can repair damaged renal 
tissue.5-7 Injured proximal tubules (PTs) are also repaired by 
human adult renal progenitor cells (ARPCs), which exhibit 
various regenerative properties, including differentiation into 
renal proximal tubular epithelial cells or podocytes,8-12 secre-
tion of reparative factors,13,14 and immunomodulation.15,16

Recent advances in stem cell biology have allowed the cre-
ation of spheroids and kidney organoids from human and 
mouse pluripotent stem cells (PSCs) and renal stem cells.17-22

Spheroids are 3D in vitro microscale tissue analogs that 
mimic crucial physiological aspects observed in vivo. These 
include the deposition of extracellular matrix, complex mul-
ticellular architecture, and challenges related to mass transfer.

Complex cell-to-cell adhesion and cell-to-matrix 
interactions in these cell aggregates lead to the formation 
of gradients for nutrients, gases, growth hormones, and 
signaling factors. The microenvironment of cells found in 
tissues is replicated by these structures. Compared with 
2D cultures, spheroids serve as suitable in vitro models for 
studying drug penetration and provide superior systems for 

drug testing.23-26 Spheroids can transform into organoids 
consisting of multisegmented nephron epithelial cells.19,27 
The rapidly developing field of renal organoids has proven 
useful in simulating nephrotoxicity, kidney disorders, and 
kidney development.17,28-31 Organoids have been successfully 
generated from induced PSCs and embryonic stem cells, as 
well as from human adult kidney tissue and urine.22,29,32-34 
However, in all these studies, the generation of organoids and 
tubuloids necessitated the use of sophisticated and complex 
differentiation protocols involving the external administra-
tion of various growth factors and adherence to precise and 
specific timescales.30,35-39 Recently, culture protocols have been 
developed to generate “iPSC organoid-derived tubuloids” 
from differentiated iPSC kidney organoids.22,40-42 However, 
challenges such as decreased expansion ability, fibrosis accu-
mulation, and cyst development after prolonged culture (be-
yond day d7 + 18, depending on the procedure) pose obstacles 
for various applications.40-43

Here, we demonstrate that human ARPCs isolated from the 
urine of both healthy subjects and patients can form spheroids, 
exhibiting renal progenitor properties and recapitulating 
aspects of organoids. Importantly, these spheroids naturally 
develop into elongated tubule-like structures without the 
need for the external administration of chemokines or growth 
factors to induce the process artificially. This stands in contrast 
to the current methodologies employed for generating renal 
organoids and tubuloids, which typically rely on such ex-
ternal factors for induction. Tubule-like formations exhibited 
structural and functional markers of renal tubules, including 
CD249, aminopepidase N, ZO-1, uromodulin, and Lotus 
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tetragonolobus lectin (LTL). Additionally, in some cases, 
they share many structural similarities with some regions of 
nephrons, such as the distal convoluted tubule, the loop of 
Henle, and the proximal convoluted tubules. Moreover, our 
study revealed that ARPCs isolated from patients with IgA 
nephropathy formed spheroids capable of recapitulating the 
hallmark IgA1 deposition characteristic of the disease.

Methods
Cell culture
Human CD133+/CD24+ ARPCs were isolated from human 
urine samples of healthy donors aged 22-60 years44,45 as well 
as from portions of the normal cortex of patients who under-
went radical or partial nephrectomy for renal clear-cell carci-
noma and were characterized as previously described.13-16,46,47 
All participants provided written consent, and all exper-
imental procedures were carried out according to the prin-
ciples of the Declaration of Helsinki and were approved by 
our institutional ethics review board (Independent Ethical 
Committee of Policlinic Hospital of Bari). Fresh urine from 
each donor was centrifuged for 10 minutes at 1800 rpm. 
The supernatant was discarded, and the sediment was 
washed with 1 × phosphate-buffered saline (PBS). The cells 
were suspended in fresh endothelial cell growth medium 
(EGM) (Lonza, Basel, Switzerland) supplemented with 20% 
fetal bovine serum (FBS) (Corning, New York, USA), 1% 
penicillin-streptomycin (P/S) (Euroclone, Milan, Italy) and 
1% amfotericin (Euroclone, Milan, Italy) at 37 °C and 5% 
CO2. Isolation of renal fractions was performed as reported 
elsewhere14,48; both glomerular and tubular fractions were 
recovered, and tARPCs and gARPCs were maintained in 
EGM supplemented with 20% FBS at 37 °C and 5% CO2. 
Human renal proximal tubule epithelial cells (RPTECs) were 
purchased from ATCC-LGC (ATCC-LGC Standards S.r.l., 
Sesto San Giovanni, Milan, Italy) and Lonza (Lonza, Basel, 
Switzerland). Cells were maintained in Dulbecco’s minimal 
essential medium/Ham’s F12 (DMEM/F12) supplemented 
with 20% FBS, 1% L-glutamine, 1% P/S at 37 °C, and 5% 
CO2.

Spheroid generation
To generate and culture renal spheroids, we used a cell pop-
ulation composed of ARPCs isolated from urine or nephrec-
tomy and CD133− cells from the same patient. Among the 
mixed cell population, ARPCs accounted for 15%-50% of 
the total cells. The cells were then plated in the microspaces of 
24-well plates with an Elplasia round bottom plate-Ultra Low 
Attachment surface with a diameter of 500/700 μm (Corning, 
New York, USA) at a density of 35 × 104 cells/well. The cells 
were suspended in EGM supplemented with 20% FBS at 37 
°C and 5% CO2. After 2 days of aggregation, the cells were 
maintained under the same culture conditions for more than 
1 month.

Spheroid dissociation and flow cytometry analysis
For flow cytometry analysis, the dissociation of spheroids into 
single-cell suspensions was performed using an Embryoid 
Body Dissociation Kit (Miltenyi Biotec, Bologna, Italy) fol-
lowing the manufacturer’s instructions.

Monoclonal antibodies (mAbs) were used for flow 
cytometry (FACS) analysis. The antibodies used for the sur-
face markers were as follows: CD133/2-PE human (1:100, 

REA820), CD24-APC (1:50, REA832), and anti-SSEA-
4-FITC-human (1:50, REA101). The antibodies used for 
the detection of intracellular markers were as follows: 
anti-SOX2-FITC human and mouse (1:50, REA320); anti-
OCT3/4-PE human and mouse (1:50, REA622); GATA 3, 
anti-human/mouse-APC (1:50, REA174); and anti-NANOG-
APC human (1:50, REA314), REA Control Antibody, and 
human IgG1 (1:50, REA293). All mAbs were purchased 
from Miltenyi Biotec (Bologna, Italy). Intracellular staining 
was preceded by fixation and permeabilization with a Foxp3/
Transcription Factor Staining Buffer Set (Thermo Fisher 
Scientific, Waltham, USA) before continuing with conjugated 
antibody staining. Adult resident stem/progenitor cells were 
incubated for 1 hour with cell membrane-specific antibodies 
in the dark at room temperature (RT). After surface staining, 
100 µL of freshly prepared fixation/permeabilization working 
solution was added to each sample, and the mixture was pulse 
vortexed and incubated at RT for 40 minutes in the dark. 
The cells were washed with 1 mL of permeabilization buffer. 
Antibodies against intracellular markers were added to 100 
µL of permeabilization buffer, incubated at RT for 1 hour 
in the dark, and then washed with 1 × PBS for acquisition. 
The area of positivity was determined by using an isotype-
matched mAb, and in total, 104 events were acquired for 
each sample. Five independent experiments were performed. 
The data were obtained by using an FC500 flow cytometer 
(Beckman Coulter, Brea, USA) and analyzed with Kaluza soft-
ware (Beckman Coulter).

Whole-mount and frozen section immunostaining
For whole-mount immunofluorescence experiments, spheroid/
tube-like structures were fixed with 4% paraformaldehyde for 
1 hour at RT and then fixed and permeabilized using blocking 
solution (3% BSA, 0.5% Triton X-100 in 1X PBS) for 2 hours 
at RT. The cells were incubated with primary antibodies in 
blocking buffer (1% BSA and 0.1% Triton X-100 in 1 × PBS) 
for 1 hour at RT. After the washes, the samples were incubated 
with secondary antibodies for 1 hour in blocking buffer so-
lution (1% BSA and 0.1% Triton X-100 in 1X PBS). The 
following primary antibodies were used in this study: ZO-1 
monoclonal antibody (R40.76-sc-33725: 1:200, rat mon-
oclonal antibody, Santa Cruz Biotechnology, USA), CD13 
monoclonal antibody (1C7D7: 1:200, Mouse/IgG1, Thermo 
Fisher Scientific, Waltham, USA), CD249 monoclonal an-
tibody (OTI4G8:1:100, Mouse/IgG2b, Thermo Fisher 
Scientific, Waltham, USA), UROMODULIN polyclonal anti-
body (bs-2189R, 1:100, rabbit IgG, Bioss Antibodies, Woburn, 
USA), and LOTUS TETRAGONOLOBUS fluorescein (FITC, 
10 μg/mL, Thermo Fisher Scientific, Waltham, USA). The sec-
ondary antibodies used were Alexa Fluor 488-conjugated goat 
anti-mouse IgG (1/200), Alexa Fluor 555-conjugated goat  
anti-mouse IgG (1/200), Alexa Fluor 488-conjugated  
goat anti-rabbit IgG (1/200), or Alexa Fluor 555-conjugated 
goat anti-rabbit IgG (1/200). All secondary antibodies were 
purchased from Thermo Fisher Scientific (Waltham, USA). 
Immunofluorescence staining of cryostat sections (4.5-µm 
thick) of spheroids and tubular-like structures was performed 
using an optimal shearing temperature (OCT) compound. 
Cryostat sections were washed with 1 × PBS and then labeled 
for 1 hour at RT. For the immunofluorescence staining of 
IgA1 deposits, a rabbit anti-human IgA (alpha chain) FITC-
conjugated antibody (Diagnostic Biosystems, CA) was used 
on cryostat sections of ARPC-derived spheroids from IgAN 
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patients and healthy subjects. Negative controls were prepared 
with irrelevant antibodies. Specimens were counterstained 
with 4′,6-diamidino-2-phenylindole (DAPI) (Sigma‒Aldrich, 
St. Louis, USA) and mounted in Fluoromount (Leica, Wetzlar, 
Germany). The stained cells were viewed under a Leica TCS 
SP5 confocal laser scanning microscope (Leica, Wetzlar, 
Germany) using ×20, ×40, and ×63 objective lenses.

Labeling for in vitro and in vivo tracking
The cells were labeled with PKH-26 (Sigma-Aldrich, St. Louis, 
USA), an aliphatic red fluorescent chromophore. For labeling, 
ARPCs were dissociated by trypsin, centrifuged, washed, and 
incubated with PKH-26 according to the recommended pro-
tocol. The stained cells were viewed under a Leica TCS SP5 
confocal laser scanning microscope (Leica, Wetzlar, Germany) 
using ×40 and ×63 objective lenses.

Renin ELISA
Cell supernatants were collected on day 7 from both ARPCs 
in monolayers and from spheroids on day 10 after forma-
tion. The renin concentration was assessed using a Human 
Renin ELISA Kit (Thermo Fisher Scientific, Waltham, USA). 
Before performing the ELISAs, a total of 1 mL of cell super-
natant from each condition was concentrated to 100 µL using 
Amicon Ultra 0.5 centrifugal filter devices (Merck Millipore, 
Darmstadt, Germany). In brief, the primary antibody was 
coated on the plate, and samples and standards were added to 
the wells for the reaction. Subsequently, a biotin-conjugated 
anti-human Renin antibody was added. After the reaction, 
streptavidin-HRP was added, and after washing away the 
unbound secondary antibody, tetramethylbenzidine was 
added to the wells, after which the color developed. The op-
tical density was measured at 450 nm by a Thermo Scientific 
Multiskan FC Microplate Photometer. The obtained results 
were normalized both for the number of cells for each condi-
tion and for the quantity of the starting cellular supernatant.

In vivo chorioallantoic membrane angiogenesis 
assay
Fertilized White Leghorn/Isa Brown chicken eggs obtained 
from a commercial supplier staged according to Hamburger 
and Hamilton (HH) were first placed in an incubator and kept 
under constant humidity at 37 °C (day (D) 0). At stage HH3 
(D3), a square window was opened into the eggshell after the 
removal of 2-3 mL of albumen so that the developing chorio-
allantoic membrane (CAM) was detached from the shell itself 
and the underlying CAM vessels were observed. The window 
was sealed with a glass coverslip, and the eggs were returned 
to the incubator until the day of the experiment.

At D10 of CAM development, the top of the growing 
CAMs was visible, and the endothelium exhibited an intrinsi-
cally high mitotic rate. The coverslips were removed, and an 
8 × 2 mm silicone ring was implanted near the vessel branch. 
Approximately 10 replicates of 1 × 106 ARPC or RPTEC 
cells were obtained, and the ARPC-derived spheroids were 
resuspended in Matrigel and subsequently transplanted into 
the ring. The same volume of PBS was used as a negative con-
trol. The transplanted eggs were returned to the incubator for 
the next 4 days. At D14, the eggs were used for the experi-
mental determinations.

Matrigel grafts with surrounding CAMs were fixed with 
4% paraformaldehyde for 24 hours. CAMs were examined 
at D14 and photographed in vivo with a stereomicroscope 

equipped with a digital camera. The angiogenic response 
was evaluated by the IKOSA CAM Assay Application image 
analyzer system as the total length, area, and number of 
vessel branching points in the area surrounding the rings. 
Successively, the fixed CAMs were embedded in paraffin. 
Serial 4-μm sections were stained with hematoxylin and 
eosin. The slides were digitally scanned using an Aperio scan 
to evaluate the morphology of the vessels and the presence of 
transplanted cells.

Statistical analyses
We analyzed data with statistical software GraphPad Prism 
(GraphPad, San Diego, CA, USA). All results are expressed 
as mean ± SEM. All values are expressed as the mean of data 
obtained from at least 3 independent experiments. Two-tailed 
Student’s t-test has been used to assess differences in biolog-
ical features between 2 mean values.

Results
Human adult resident stem/progenitor cells 
generate spheroids and kidney tubular-like 
structures
We isolated ARPCs, as previously described, from portions 
of the normal cortex of patients who underwent nephrec-
tomy13,14,16,46,47 or from healthy patient urine (uARPCs).44,45 
We confirmed that all ARPCs, including uARPCs, coexpressed 
CD133 and CD24 (Supplementary Figure S1). To investigate 
whether a limited microspace could promote cellular self-
organization and regulatory mechanisms for the differentia-
tion in typical organ structures, we plated 35 × 104 cells in 
3D plates under normal culture conditions. We observed that 
after only 2 days in 3D culture conditions, the ARPCs sponta-
neously aggregated and formed spheroids in the microcavities 
of the 3D plates (Figure 1A). The spheroids appeared com-
pact and well aggregated, with a diameter of ~100 µm.

Spheroids were also generated from a mixed population of 
CD133- renal cells and ARPCs, which accounted for 15%-
50% of the total cells. To demonstrate that the stemness 
property of ARPCs is necessary for the formation of sphe-
roidal aggregates, we seeded both primary and immortalized 
human RPTECs in 3D plates. Both were unable to aggregate 
and maintain a spheroidal conformation. In fact, after sowing 
they appeared to break up and disperse in the microcavities 
(Figure 1B-C). When we separately plated tubular ARPCs 
(tARPCs) and glomerular ARPCs (gARPCs), we found that 
both subpopulations were able to form spheroids (Figure 
1D-E). Spheroids derived from uARPCs, tARPCs, gARPCs, 
or from the mixed cell population were stable, removed 
from 3D plates and cultured in normal plates for 30-45 days 
without changing their morphology (Figure 1F). The diam-
eter of the spheroids ranged from 75 μm (5 days culture) to 
160 μm (18-21 days culture). Some spheroids from gARPCs 
formed circular protrusions similar to those of podocyte 
cell bodies connected by primary processes (Figure 1G and 
Supplementary Figure S2A-C).

When spheroids were generated from a mixed cell popu-
lation composed of 15%-50% of uARPCs or tARPCs and 
from CD133- renal cells, the cells underwent morphological 
changes 6-12 days after formation, resulting in a widened, 
decreasing diameter extending along the axis. Without the 
addition of any external compounds, the spheroids were ar-
tificially modified in shape, and tubular-like structures were 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szaf002#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szaf002#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szaf002#supplementary-data
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Figure 1. Generation of renal spheroids and tubule-like structures from ARPCs. (A) ARPCs formed spheroids after 2 days in 3D culture conditions. Each 
circle in the image represents the microcavity of the 3D plates containing a spheroid. (B) Primary and (C) immortalized RPTECs cannot form spheroids 
in 3D plates, and they appear to break up and disperse in the microcavities. Both tARPC (D) and gARPC (E) were able to form spheroids. (F) Spheroids 
derived from the mixed-cell population of uARPCs/CD133- cells cultured in normal plates for 30-45 days without changing their morphology. (G) 
Spheroids from gARPCs formed circular protrusions similar to those of podocyte cell bodies connected by primary processes. (H-I) Spheroids derived 
from the mixed-cell population of uARPCs/CD133- cells spontaneously generated tubular-like structures starting from one or both poles. (J-M) Tubule-
like structures spontaneously generated by the uARPCs/CD133- mixed cell population showing many similarities with the nephron unit of the kidney. 
(J) Image of a tubule-like structure acquired with a stereomicroscope. (M) Images acquired by a phase contrast microscope of the same tubule-like 
structure observed in (J) via a stereomicroscope. The scale bars represent 100 μm.
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generated starting from one or both poles (Figure 1H-I and 
Supplementary Figure S2D-G). These structures had diameters 
ranging from 10 to 40 μm and could be very long, up to 700 
μm. In some cases, the tubule-like structures could form 
structurally complex shapes that shared many similarities 
with the nephron unit of the kidney, such as the distal convo-
luted tubule, the loop of Henle, and the proximal convoluted 
tubule (Figure 1J-M). The tubule-like structures were formed 
by about 35% of spheroids, whereas the circular protrusions 
were formed by about 10% of spheroids. The nephron-like 
structures shown in Figure 1J-M formed more rarely. The 
spheroids could be successfully expanded in low-attachment 
cell culture plates, at least for 4 passages.

To determine the origin of the tubular-like structures observed 
via optical microscopy, we labeled ARPCs and RPTECs with the 
PKH26 vital tracker, a lipophilic fluorescent probe useful for in 
vitro and in vivo cell tracking applications, before seeding them 
in 3D plates. We observed the structures via fluorescence micros-
copy after 4 and 10 days of 3D culture. The spheroids generated 
from ARPCs were dense with a thick edge (Supplementary 
Figure S3A), whereas the spheroids from RPTECs appeared 
disaggregated without a boundary defined by PKH26 
(Supplementary Figure S3B). The tracker allowed us to demon-
strate the origin of long tubule-like structures from spheroids 
(Supplementary Figure S3C-E). Any tubular structures were not 
generated by the RPTECs. We did not observe differences in 
tubular-like structures generated from uARPCs or tARPCs.

ARPC spheroids express typical markers of 
pluripotent cells
The 3D structures of the uARPC spheroids and tARPCs 
spheroids were characterized via whole-mount immuno-
fluorescence staining, which was used to detect the expres-
sion of stem cell markers 5 days after formation. Specifically, 
spheroids expressed high levels of CD133, the functional and 
constitutional marker of ARPCs. The spheroids were also 
stained with beta-actin to determine their structure and integ-
rity (Figure 2A). Furthermore, we showed that the spheroids 
expressed very low levels of transcription factors typical of 
embryonic stem cells, such as NanoG and Oct3/4 (Figure 2B 
and C). However, ARPC-derived spheroids expressed SOX2 
(Figure 2D) and GATA-3 (Figure 2E), which are typical stem 
cell transcription factors, and stage-specific embryonic an-
tigen 4 (SSEA4; Figure 2F), a glycoprotein expressed during 
early development and a marker of human embryonic stem 
cells.49 In some cases, spheroids coexpressing CD133/SSEA4 
spontaneously formed the typical groove of organoids (Figure 
2F, arrows). In addition, we found that spheroids were also 
positive for PAX2, another important stemness marker of 
ARPCs (Supplementary Figure S4).

Cytofluorimetric analysis showing stem cell marker 
expression
To investigate whether stem cell marker expression differences 
were present in spheroids generated from the uARPCs/CD133- 
mixed cell population or from the same cell population in 
monolayer culture, we analyzed by FACS cells disaggregated 
from spheroids formed after 5 days and analyzed the ARPC 
counterparts in monolayers. We found that, in spheroids, 
there was a greater expression of SOX2, OCT3/4, and GATA3 
than in monolayer ARPCs (Figure 3A-C). However, NanoG 
resulted in no or low expression (Figure 3D). Interestingly, 
both ARPC in monolayer and cells from spheroids exhibited 

high levels of the SSEA-4 marker, which, to date, was not 
known to be expressed in ARPCs (Figure 3E).

Tubular-like structures expressed markers typical of 
renal tubules
We performed whole-mount immunofluorescence staining of 
tubular-like structures originating from uARPCs and tARPCs 
spheroids after 15 days. Typical renal tubular markers, such 
as CD249 (glutamyl aminopeptidase or aminopeptidase A), 
CD13 (aminopeptidase N), ZO-1, Uromodulin, and LTL, 
were used. CD249 is an aminopeptidase A enzyme involved 
in the renin-angiotensin system, and its expression was rather 
uniform at the edges of tubular-like structures (Figure 4A).

We also characterized tubules for CD13, which is usually 
concentrated in the membrane of renal PT cells. The tubule-
like structures generated from spheroids were positive for this 
marker (Figure 4B). It was expressed in long portions of tubular 
structures (Supplementary Figure S5A), even if it was not uni-
form (Supplementary Figure S5B). To characterize the apical 
intercellular junctional complex in tubular-like structures, we 
performed immunofluorescent experiments with the epithe-
lial marker ZO-1. It was expressed uniformly throughout the 
lumen and at the outer borders of all long tubule-like segments 
(Figure 4C and Supplementary Figure S5C). Importantly, after 
tubular-like differentiation, we also observed strong positive 
staining for Uromodulin, a marker usually localized in the ep-
ithelial cells of the ascending limb of the loop of Henle (Figure 
4D). In Supplementary Figure S5D, it is possible to observe a 
tubule that comes out of the spheroid.

The identity of the tubular-like structures was also probed 
using LTL, which binds to glycoproteins present on the sur-
face of proximal tubules (Figure 4E). Some tubular segments 
elongated from uARPCs and tARPCs spheroids formed loop 
structures (Supplementary Figure S5E).

Some of the tubule-like segments also coexpressed ZO-1 
and CD13 (Figure 5A) or expressed uromodulin and CD249 
(Figure 5B).

We also performed immunofluorescence staining of 
uromodulin on OCT-embedded samples of ARPC spheroids 
and tubule-like structures (Figure 5C-D). We confirmed that 
they were positive for uromodulin (Figure5E) and CD249 
(Figure5F).

ARPC-derived spheroids secreted elevated levels of 
renin
We then investigated whether spheroids and tubular-like 
structures also differentiated functionally in a more complex 
mature renal system. We measured the levels of renin, the 
angiotensinogenase enzyme that participates in the body’s 
renin–angiotensin–aldosterone system, in RPTECs, ARPCs, 
and spheroids after 10 days of culture. We found that both 
RPTECs and ARPCs in monolayer culture secreted renin and 
that the amount of renin produced by ARPCs was slightly 
greater than that produced by RPTECs (30 and 23 pg/mL, re-
spectively; Figure 5G). However, compared with both ARPC 
and RPTEC monolayers, renal spheroids produced and secreted 
significantly more renin (63 pg/mL, P <.05; Figure 5G).

ARPCs and ARPC-derived spheroids showed 
angiogenic properties
To investigate whether spheroids had angiogenic properties, 
we performed chick CAM experiments to compare angi-
ogenesis induced by spheroids, ARPCs and RPTECs via in 
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Figure 2. Expression of stem cell markers in ARPC spheroids. (A-C) Whole-mount double-label immunofluorescence shows that uARPC spheroids 
expressed high levels of the functional and constitutional marker ARPC CD133. The spheroids were also stained with beta-actin to determine their 
structure and integrity. Spheroids expressed low levels of the transcription factors NanoG (B) and Oct3/4 (C) and elevated levels of the SOX2 (D), 
GATA-3 transcription factors (E), and of the embryonic stem cell marker SSEA4 (F). Spheroids coexpressing CD133/SSEA4 can spontaneously form the 
typical groove of organoids (F, arrows). The scale bars represent 25 μm.
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Figure 3. Cytofluorometric analysis showing the expression of stem cell markers in the uARPCs/CD133− mixed cell population and in cells derived from 
spheroids. (A-C) Compared with monolayer ARPCs, spheroids expressed higher levels of SOX2, OCT3/4, and GATA3. (D) NanoG was not expressed 
or was expressed at low levels in the uARPCs/CD133- mixed cell population or in spheroids. (E) Both the uARPC/CD133- mixed cell population in the 
monolayer and cells from spheroids expressed high levels of the SSEA-4 marker. For each analyzed marker, the percentage data from triplicate samples 
are shown in histograms as mean ± SEM. *P <.05; ***P <.0005, ****P <.0001.
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Figure 4. Expression of renal tubular markers in tubular-like structures. (A) Whole-mount immunofluorescence showing the expression of CD249 
in tubular-like structures. (B) Whole-mount immunofluorescence showing that the tubule-like structures generated from spheroids were positive 
for CD13 (aminopontinidase N). (C) Whole-mount immunofluorescence showing the expression of ZO-1 in tubular-like structures. (D) Whole-mount 
immunofluorescence showing the expression of uromodulin in tubule-like structures generated from spheroids. (E) Whole-mount immunofluorescence 
showing the expression of lotus tetragonolobus lectin in some tubular-like segments. The scale bars represent 15 μm in A, and 25 μm in B-E. Cell nuclei 
were visualized using DAPI.
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Figure 5. Expression of renal tubule markers in tubular-like structures generated by ARPC spheroids. (A) Whole-mount double-label 
immunofluorescence showing the coexpression of CD13 with ZO-1. (B) Whole-mount double-label immunofluorescence showing the coexpression of 
uromodulin with lotus tetragonolobus lectin. (C) Optical microscope image of spheroid sections. (D) Hematoxylin–eosin staining of spheroid sections. 
(E) Immunofluorescence image showing uromodulin in spheroids and sections with a tubule-like structure. (F) Immunofluorescence showing the 
expression of CD249 in spheroids and tubule-like structure sections. Nuclei were counterstained with DAPI. The scale bars represent 30 μm in A, 20 
μm in B and E-F, and 100 μm in C and D. (G) ELISA showing that after 10 days of culture, ARPC-derived spheroids had elevated levels of renin compared 
with those in RPTECs and compared with those in ARPC monolayers. *P <.05; **P <.005.
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vivo assays (Figure 6A-E). We found that, with respect to 
conditions without transplanted cells (Figure 6A, D), ARPC- 
and spheroid-transplanted CAMs (Figure 6C, F) induced a 
stronger angiogenic response than RPTEC-transplanted 
CAMs (Figure 6B, E). Postimaging analysis of the percent 
variation in vessel total area (VA), vessel total length (VL), 
and number of vessel branching points (BP) revealed signif-
icant differences in CAMs transplanted with ARPCs (VA: 
64 ± 0.7; VL: 78 ± 0.7; BP: 199 ± 1.33) compared with those 
transplanted with RPTEC (VA: 33 ± 0.9; VL: 30 ± 0.6; BP: 
74 ± 1) (Figure 6G). When we compared CAMs transplanted 
with ARPC-derived spheroids and those transplanted with 
ARPCs, we found greater increases in the angiogenic VL and BP 
parameters in CAMs transplanted with ARPCs (VL: 60 ± 0.8; 
BP:120 ± 2.3) than in those transplanted with spheroids (VL: 
47 ± 0.5; BP:74 ± 2.3). Conversely, compared with those in 
ARPC transplants, VA in spheroids was greater (VA: 60 ± 0.2 
vs 53 ± 0.2, respectively) (Figure 6H). Hematoxylin–eosin 
sections from CAMs transplanted with a silicon ring alone 
(control; Figure 6I), a silicon ring containing inside ARPCs 
(Figure 6J) or containing ARPC-derived spheroids (Figure 6K) 
showed more cells near the vessels in the ARPCs than in the 
control. However, few spheroid-derived cells were observed 
near the vessels (Figure 6K). To confirm these observations, 
we performed new CAM experiments using cells stained with 
the cell tracker PKH26 (Figure 6L-N). We confirmed the pres-
ence of a high concentration of fluorescent ARPCs near the 
CAM vessels (Figure 6M). CAMs transplanted with ARPC-
derived spheroids showed the presence of some spheroids 
near the vessels (Figure 6N). Few labeled spheroid-derived 
cells were observed (Figure 6N).

ARPCs isolated from the urine of IgA nephropathy 
patients formed renal spheroids capable of 
recapitulating the characteristic IgA1 deposition 
observed in this disease
To study the proof of concept that ARPC-derived spheroids 
can be used to establish in vitro models recapitulating renal 
diseases, we isolated ARPCs from the urine of IgA nephropathy 
(IgAN) patients and generated patient-specific renal spheroids 
using the ARPC mixed cell population method. We checked 
whether the spheroids expressed glomerular markers such as 
nephrin and CD2AP and we found positivity after 7 days of 
culture (Supplementary Figure S6). Then, we performed cul-
ture experiments with IgAN patient serum. After a 3-day in-
cubation period, the medium containing FBS was removed, 
except for the medium from the control group. Subsequently, 
the spheroids were cultured for 15 days in the presence of ac-
tive or inactivated IgAN patient serum. The same experiments 
were performed using samples from healthy controls. Then, 
we checked for the presence of IgA1 deposits on spheroids 
with the same antibody utilized for the clinical diagnosis of 
IgAN by utilizing immunofluorescence staining of biopsy 
renal tissue. We found that the ARPC-derived spheroids of 
IgAN patients already showed IgA1 deposits after 4 days of 
culture in patient serum (Figure 7A) and exhibited a different 
pattern after 8 days (Figure 7B) and 15 days (Figure 7C). The 
IgA1 deposition resembled that observed in the glomeruli of 
patients with IgAN (Figure 7D). In contrast, no positive signal 
was detected in either IgAN spheroids cultured in FBS (Figure 
7E) or in the control without serum (Figure 7F). Additionally, 
spheroids derived from the urine of healthy controls cultured 
in IgAN serum (Figure 7G) or inactivated IgAN serum (Figure 

7H) did not show IgA1 deposits. The fluorescence intensity of 
IgA1 was comparable between deposits in spheroids and in 
IgAN patient glomeruli (Figure 7I).

Discussion
The results of this study demonstrated the potential of human 
adult renal stem/progenitor cells (ARPCs) to form spheroids 
and artlessly generate tubular-like structures in vitro. These 
structures exhibited characteristics of renal tubules and 
expressed markers associated with renal progenitor cells and 
pluripotent cells. Notably, the generation of these tubular-
like structures was driven solely by the ARPCs themselves, 
without the need for external chemokines or growth factors. 
This unique characteristic of these cells is novel and contrasts 
with the current methods of generating renal organoids 
and tubuloids, which rely on very complex differentiation 
protocols and the external administration of growth factors.

The formation of spheroids by ARPCs suggested inherent 
self-organization and regulatory mechanisms, facilitating 
their differentiation into typical organ structures. This ca-
pacity of ARPCs to aggregate and spontaneously differentiate 
into tubule-like structures underscores their unique regenera-
tive potential for applications in medicine.

Our study revealed that spheroids generated from a cell 
population comprising ARPCs and CD133- cells cultured to-
gether for 5-10 days could give rise to elongated tubule-like 
structures resembling nephrons in certain instances. In con-
trast, RPTECs did not exhibit spheroid formation, indicating 
the indispensable role of the stemness of ARPCs in this 
process.

Moreover, we demonstrated the feasibility of generating 
spheroids and tubular structures directly from renal 
progenitors isolated from the urine of both healthy subjects 
and glomerulonephritis patients. This breakthrough opens 
promising avenues for further research in renal medicine.

The tubular-like structures generated from ARPC-derived 
spheroids exhibited characteristics of renal tubules, such as 
the expression of the renal tubule markers CD249, CD13, 
ZO-1, Uromodulin, and LTL. These markers are typically as-
sociated with different segments of renal tubules, indicating 
that the tubular-like structures generated from ARPCs have 
the potential to mimic the structure and function of various 
regions of the nephron. CD249 (glutamyl aminopeptidase 
or aminopeptidase A) is an enzyme that can regulate blood 
pressure by cleaving the N-terminal aspartate from angio-
tensin II, degrading vasoconstricting angiotensin II into angi-
otensin III. It is expressed by the epithelial cells of proximal 
tubules and the glomerulus of the nephron.50 CD13, also 
known as aminopeptidase N, is a membrane-bound protein 
that catalyzes the formation of the natriuretic hexapeptide 
angiotensin IV from angiotensin III. In the kidney, it is pri-
marily present in the brush border membrane of proximal 
tubule cells, where it reduces basolateral Na+-K+-ATPase ac-
tivity.51,52 The tight junction protein ZO-1 is expressed at cell 
boundaries independently of the identity of the tubule53 and 
can regulate proximal tubular cell differentiation.54,55 Some 
tubule-like structures were also positive for uromodulin or 
Tamm–Horsfall protein.

This protein is produced by the thick ascending limb of 
the loop of Henle of the mammalian kidney and represents 
the most abundant protein in normal human urine. The 
ectodomain of its glycosyl phosphatidylinosital-anchored 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szaf002#supplementary-data
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Figure 6. Angiogenic properties of ARPC and ARPC-derived spheroids. Microscopic (A-C) and macroscopic (D-F) images of CAMs transplanted with 
a silicon ring alone (A, D) or with a silicon ring containing inside RPTECs (B, E) and ARPCs (C, F). The A-C sections are H&E stained; the arrowheads 
indicate some vessels and the arrow in C a group of ARPCs cells near the vessel. In G, histograms showing the postimage analysis of vessel total area, 
vessel total length, and number of vessel branching points, expressed as percent variation in RPTECs and ARPCs compared with the control (silicon 
ring alone). (H) Histograms showing the postimage analysis of vessel total area, vessel total length, and number of vessel branching points, expressed 
as percent variation in ARPCs and ARPC-derived spheroids compared with controls. (I-K) Microscopy images of CAMs transplanted with a silicon ring 
alone (control, I) or a silicon ring containing inside ARPCs (J) or ARPC-derived spheroids (K). The arrowheads indicate some CAM vessels and the arrows 
in J and K indicate a group of ARPCs and ARPC-derived spheroids, respectively, near the vessels. (L-N) Fluorescence microscopy images of a CAM 
vessel (arrowhead) in a control (L), in PKH26-labeled ARPC-transplanted CAM vessels (arrowhead, M) and in CAM vessels (arrowhead) transplanted 
with spheroids generated from PKH26-labeled ARPCs. The arrows in (M) indicate the ARPCs around the vessels. The arrows in (N) indicate the 
spheroids near the vessel. Scale bar: A-K 100 μm; L-N 25 μm.
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counterpart, which is located on the luminal cell surface of 
the loop of Henle, is cleaved by proteases, leading to its ex-
cretion in urine. It is the matrix of urinary casts that is derived 
from the secretion of renal tubular cells.56,57 Some portions 
of the tubule-like structures were also positively stained with 
LTL, which binds selectively to renal proximal tubules.58

The expression of pluripotent cell markers such as CD133, 
PAX2, NanoG, Oct3/4, SOX2, and GATA-3 in ARPC-derived 
spheroids suggested that these structures may possess pluri-
potent properties. This is further supported by the high ex-
pression of stage-specific embryonic antigen 4 (SSEA4), a 
marker of human embryonic stem cells and of embryonic 

early development,49,59 which was, for the first time, observed 
in ARPCs or renal spheroids. The coexpression of CD133 and 
SSEA4 in some spheroids may indicate the presence of pro-
genitor cells capable of differentiation and development into 
organoids.

Furthermore, cytofluorimetric analysis revealed greater ex-
pression of the stem cell markers SOX2, OCT3/4, and GATA3 
in spheroids than in ARPCs in monolayer culture. These 
findings suggested that the 3D culture environment promotes 
the maintenance of stem cell properties in ARPCs. We showed 
that, compared with RPTECs and ARPCs, ARPC-derived 
spheroids cultured for 10 days also secreted high amounts 

Figure 7. Immunofluorescence staining of IgA1 deposits in ARPC-derived spheroids from IgAN patients and healthy subjects. ARPC-derived IgAN 
spheroids exhibited IgA1 deposits 4 days (A), 8 days (B), and 15 days (C) after the addition of IgAN patient serum. (D) IgA1 deposition in the glomerulus 
of a patient diagnosed with IgAN. (E) IgA1 immunostaining of IgAN spheroids cultured with FBS for 15 days. (F) IgA1 immunostaining of IgAN 
spheroids cultured without FBS for 15 days. (G) IgA1 immunostaining of ARPC-derived spheroids from healthy controls cultured with IgAN patient 
serum for 15 days. (H) IgA1 immunostaining of ARPC-derived spheroids from healthy controls cultured with inactivated IgAN patient serum for 15 
days. (I) Fluorescence levels of IgA1 deposits in IgAN spheroids cultured with IgAN patient serum for 4 days (1), 8 days (2), or 15 days (3); in IgAN 
patient glomeruli (4); in IgAN spheroids cultured with FBS (5) or without FBS (6); in healthy subjects with inactivated IgAN patient serum (7); or in 
those cultured with IgAN patient serum (8). The scale bars represent 50 μm in A-C and 25 μm in E-H. Results are representative of 3 independent 
experiments (3 different IgAN patients). The immunofluorescent quantification from triplicate samples is shown in the histogram as mean ± SEM. 
**P <.01; ***P <.001.
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of renin. Salt reabsorption, blood pressure, and volume ho-
meostasis are regulated by this enzyme, which is generated 
by the adult kidney. Renin-producing cells, which are derived 
from a similar stromal progenitor population, can be found in 
the undifferentiated metanephric mesenchyme during kidney 
development and are widely distributed.60 These data are in 
agreement with previous studies showing that tubular cells 
can also produce renin61-63 and demonstrating that renin can 
be a hallmark of the functional maturity of renal organoids.64

In addition, we demonstrated the angiogenic properties 
of ARPCs and ARPC-derived spheroids through the use of 
CAM assays. Compared with those of the control group, 
the transplantation of ARPCs and spheroids onto the CAM 
resulted in an increased vessel area, a longer total length, and 
a greater number of branching points. These findings suggest 
that ARPCs and their derived spheroids can stimulate angio-
genesis, which could be beneficial for vascular regeneration 
in renal tissue.

Our study also showed that ARPCs isolated from patients 
with IgA nephropathy formed spheroids that resembled the 
IgA1 deposition characteristic of the disease. Indeed, IgA1 
deposits formed in uARPC spheroids isolated from IgAN 
patients following their culture with patient serum. These 
spheroids expressed also 2 typical markers of podocytes, 
nephrin, a component of the glomerular slit diaphragm, 
and CD2AP which is expressed with nephrin in developing 
podocytes and is found widely in the mature kidney as an 
adapter molecule that can bind to the cytoplasmic domain of 
nephrin. This highlights the potential of ARPC-based models 
for studying and understanding disease mechanisms, as well 
as developing personalized therapies for patients with spe-
cific renal disorders. Even if in this study we analyzed the 
principal pluripotent and tubular markers, a more compre-
hensive study of remaining pluripotent and nephron markers, 
including glomerular markers, in spheroids and tubule-like 
structures is needed.

Overall, this study provides insights into the regenerative 
capabilities of ARPCs and their potential for generating renal 
spheroids/organoids and spontaneous tubule-like structures 
in vitro. The ability of ARPCs to form spheroids and differen-
tiate into tubular-like structures without the need for external 
chemokines or growth factors is a significant advancement in 
the field, especially considering that these cells can be isolated 
from the urine of patients. ARPC-derived spheroids also can 
be created easily and can expand in vitro naturally, allowing 
the possibility of creating spheroid biobanks for personalized 
medicine.33,65 These findings open up new opportunities for 
studying kidney development and disease mechanisms and de-
veloping regenerative therapies for renal disorders. However, 
further research is needed to fully characterize the functional 
properties of ARPC-derived structures and their potential 
applications in regenerative medicine.
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