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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
◼ Four days of differentiation generates an induced metanephric mesenchyme (iMM).

◼ iMM contains both nephron progenitor cells and renal stromal progenitor cells.

◼ iMM gives rise to sophisticated, vascularized nephron-like structures beneath the kidney capsule.

◼ In contrast to iMM, mature organoids rapidly lose differentiated features and fail to productively engraft.

◼ iMM grafts contain mesangial cells in addition to mature tubules.
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Multiple pools of developmental progenitors are needed for kidney regener-
ation, but directing differentiation of each of these independently is rate 
limiting and disruptive to the process. We demonstrate that a mere
4 days of differentiation generates an induced metanephric mesenchyme 
(iMM) containing both nephron progenitor cells and renal stromal progen-
itor cells. When implanted beneath the kidney capsule of immunodeficient 
mice, iMM differentiates into podocytes, mesangial cells, and tubules that 
recruit host blood vessels to form glomeruli and peritubular capillaries. In 
contrast, mature organoids rapidly lose differentiated features after im-
plantation and fail to become productively vascularized by the host. By 
examining morphological changes and gene expression patterns, we 
demarcate a window of opportunity for successful implantation during 
which iMM exists in vitro. Young organoid cultures containing epithelial 
and stromal progenitor cells thus provide a rapid, one-pot starting material 
for nephron regeneration, a concept that may be broadly applicable to 
many organ systems.

INTRODUCTION
Chronic kidney disease is a major contributor to morbidity and mortality, 

affecting approximately 14% of the US adult population as of 2022, with 
800,000 patients in need of renal replacement therapy. 1 The demand for kidney 
transplants far outweighs supply, and, as all kidney transplants are allografts, 
they rarely last longer than ∼12 years, even with chronic immunosuppression. 
Induced pluripotent stem cells (iPSCs) can be generated from any individual and 
could potentially provide an autologous source of renal tissue on demand. 2 Over 
the past decade, the first differentiation protocols have been developed to differ-
entiate iPSCs into kidney organoids patterned with major segments of the 
nephron. 3–6 These protocols commonly feature an early induction step with 
CHIR99021 (CHIR), an inhibitor of glycogen synthase kinase-3β, which induces 
iPSCs to transition through a mesenchyme-like progenitor stage before differ-
entiating into segmented epithelial organoids. This process is thought to mimic 
the process of nephrogenesis, during which varied nephron epithelial cells 
differentiate from a common nephron progenitor cell (NPC) population that 
arises within the metanephric mesenchyme (MM). 7

During renal organogenesis, specialized renal stromal progenitor cells (SPs; 
also referred to as interstitial progenitor cells) arise within the MM, which sub-
sequently differentiate into glomerular mesangial cells and interstitial popula-
tions and facilitate nephron epithelial differentiation via crosstalk mecha-
nisms. 8–10 Human kidney organoids also contain a significant population of 
stromal cells, which includes endothelial cells, but whether this stroma derives 
from SPs or represents an “off-target” population of iPSC differentiation is not 
yet clear. 3,11–13 Glomerular mesangial cells, for instance, which are among 
the most readily identifiable renal stromal cells in vivo, are not readily evident 
in kidney organoid cultures. 14 One approach to address this deficiency is to 
differentiate iPSCs into NPCs and SPs separately and then combine these to 
construct higher-order macrostructures, although this requires careful coordi-
nation of differentiation protocols and has not yet been successful with human 
iPSCs. 14,15

For renal regeneration, the kidney capsule has emerged as a convenient and 
conducive site for implantation in which organoids can form glomerulus-like 
structures vascularized by an immunodeficient host. 16–19 It is not yet known, 
however, what the ideal stage of differentiation is for productive implantation. 
Some studies have implanted mature organoids to produce sophisticated 
glomerulus-like structures, 17,19 whereas other studies suggest limited potential 
for mature organoids 16 or have implanted earlier-stage NPCs. 18,20 It is also un-
clear whether these grafts contain any human stromal cells specific to the kid-
neys. 19 These questions prompted us to conduct a comparative study of graft 
differentiation state to determine the optimal source material for implantation.

MATERIALS AND METHODS
Experimental model and study participant details
Animals. All animal studies were conducted in accordance with all relevant ethical reg-

ulations under protocols approved by the Institutional Animal Care and Use Committee at 
the University of Washington in Seattle (protocol #4375-01). Non-obese diabetic (NOD)-se-
vere combined immunodeficiency (SCID) mice (Research Resource Identifier [RRID]: 
IMSR_JAX:001303), 8- to 10-week-old adult males and females were utilized for the implan-
tation experiments. Mice were maintained under standard pathogen-free housing condi-
tions, with ad libitum access to food and water.
Cell lines. WTC11 human pluripotent stem cells (hPSCs) (Coriell 25256, female) were 

fed and passaged on 1% reduced growth factor GelTrex (Life Technologies)-coated tissue 
culture plates in mTeSR1 medium (Stem Cell Technologies) and dissociated into single 
cells using Accutase (Stem Cell Technologies).
Human kidney samples. Any discarded human kidney samples used for reference 

were obtained under the approval of the University of Washington Institutional Re-
view Board.

Method details
Kidney organoid differentiation. Human iPSC stock cell lines were maintained in 

adherent cultures in six-well plates with daily changes of mTeSR1 medium (STEMCELL 
Technologies) and weekly or bi-weekly passaging using Accutase (STEMCELL Technolo-
gies) or ReLeSR (STEMCELL Technologies). For differentiations, cells are dissociated to 
single-cell state with Accutase and seeded onto a 24-well tissue-culture-treated plate 
pre-coated with 300 μL of DMEM-F12 + 1% GelTrex LDEV-Free (Thermo Fisher Scientific) 
at a density of 1,000–2,000 cells per well in ≥0.5 mL of mTeSR1 containing 10 μM Rho-
Kinase inhibitor Y27632 (Tocris Biosciences) on day − 3. The next day, the medium was re-
placed with mTeSR1 + 1.5% GelTrex before returning to standard mTeSR1 on day − 1 to 
create isolated spheroid colonies. The differentiation is induced on day 0 by switching 
the medium to Advanced RPMI + 1% Glutamax (Life Technologies) + 12 μM CHIR99021 
(Tocris Bioscience) for 36 h and then RB maintenance medium (Advanced RPMI + 1% 

Glutamax + 2% B27 Supplement [Life Technologies]). Maintenance medium was then re-
placed every 2–3 days thereafter so that fresh cell medium was added on the morning 
of performing any implantation experiment.
qPCR analysis. To prepare RNA, cells were lysed at room temperature by aspirating cell 

culture medium and replacing it with 500 μL of TRIzol (Thermo Fisher Scientific, 15596018) 
per well of a 24-well plate (or 75 μL per well of a 96-well plate). Cells were homogenized by 
scraping the well with the pipet tip and pipetting up and down several times and then 
freezing them in a − 80 ◦ C freezer or processing them immediately. Next, 0.2 mL of 
chloroform was added per 1 mL of TRIzol cell solution, it was left at room temperature
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for 2–3 min, and then it was centrifuged for 15 min at 12,000 rpm at 4 ◦ C. The colorless, 
aqueous phase was transferred to a tube containing an equal amount of 70% ethanol 
and then transferred to a spin cartridge. RNA was further purified by using the Invitrogen 
TRIzol Plus RNA Purification Kit (Invitrogen). DNase was used to eliminate any residual 
genomic DNA, samples were measured using a NanoDrop, and purified RNA was stored 
in a − 80 ◦ C freezer or processed further.

500–1,000 ng of RNA was reverse transcribed using the SuperScriptIV Reverse Tran-
scription kit (Invitrogen). For each independent experiment, RT-qPCR reactions were run 
in triplicate using cDNA (diluted 1:15), 300 nM primers, and PowerUp SYBR Green Master 
Mix (Applied Biosystems). qPCR primer sequences are listed in Table S1. mRNA expression 
was calculated using the 2 − DDCT method, where cycle counts (CTs) of each gene of interest 
were normalized to a housekeeper gene (dCT) (β-actin or GAPDH) and then the difference in 
cycles was compared across samples (ddCT). -ddCT was then used as the exponent to 
calculate the difference in expression levels as fold changes compared to the first point 
sampled of each series (e.g., D0 or D4). See Table S1 for a list of primers.
RNA sequencing data analysis. A recently published dataset from our group including 

samples of iPSC-derived kidney organoids on days 7 or 15 after induction with CHIR99021 
(days 10 or 18 after plating) was re-analyzed using the methods described. 21 Markers of 
NPCs and SPs were selected based on prior datasets. 15,21 The R packages pheatmap 
and ggplot2 were used for data visualization.
Renal progenitor cell and kidney organoid implant formation. 2–4 wells of a 24-well 

plate are selected for each implant based on visual observation under a brightfield micro-
scope. Medium in each well is replaced with 300 μL of fresh medium and a mini cell lifter is 
used to manually scrape the cells out of the well. Cells are collected in a microcentrifuge 
tube and allowed to settle to the bottom of the tube for at least 15 min in an incubator. 
The condensed material is then taken up into a 200-μL micropipette, briefly allowed to settle 
to the tip, and then dispensed into PE50 polyethylene tubing with a bevel on one side. This 
tubing is then kinked on one end to prevent material from escaping and centrifuged at 
300 g for 4 min to aggregate the pellet.
Kidney subcapsular implantation surgery, excision, and processing. The cell pellets 

are implanted beneath the kidney capsule of mice. The procedure is based on the protocol 
from Szot et al. 22 The kidneys are levered outside of the abdomen through a dorsal incision 
and held in place using a cotton-tipped applicator. The capsule is nicked with a 27-gauge 
needle and the beveled end of the tubing is inserted and rotated to form a pocket. The pellet 
is dispensed by dialing down a Hamilton syringe connected at the far end of the tubing and 
the kidney is blotted with a dry cotton-tipped applicator to promote closure returned to the 
abdominal cavity. The muscle layer is stitched closed and several staples are used to close 
the incision. After the specified period of time, the kidney is excised from the mouse, fixed in 
4% paraformaldehyde (PFA) for 1.5 h, transferred to 30% sucrose overnight, bisected, and 
then mounted in Optimal Cutting Temperature Compound (Tissue-Tek) before flash 
freezing.

For sectioning, cryo blocks were faced and 10- to 20-μm-thick sections were then cut 
through the kidney and immediately evaluated under a brightfield microscope to identify 
the location of the graft. Epithelial renal structures in the graft are easily distinguished using 
a brightfield scope. When locating structures, serial sections were collected and placed on 
slides so that there was >200 μm between sections on the same slide. If structures were 
not observed, 100–200 μm was skipped and a new section was cut. This process was 
repeated through the entire graft.
Immunofluorescence analysis. PFA-fixed cells or frozen slides were blocked in block-

ing buffer (5% normal donkey serum, 0.3% Triton X-100 in 1× PBS) for 15 or 60 min at room 

temperature, respectively. Primary antibody incubation was carried out in an antibody dilu-
tion buffer (1% BSA, 0.3% Triton X-100 in 1× PBS) overnight at 4 ◦ C. Cells were then washed 
three times for 5 min each in 1× PBS, followed by overnight incubation with secondary an-
tibodies and DAPI/Hoechst nuclei stain diluted in antibody dilution buffer at 4 ◦ C. Secondary 
antibodies were then removed with another round of PBS washes and slides were sealed in 
PBS. Calcein AM (Invitrogen) and propidium iodide (Thermo Fisher) viability staining was 
performed according to accompanying product protocols. Images were acquired using a 
Nikon A1R scope with a point-scanning confocal system or a Yokogawa W1 Spinning 
Disk confocal head mounted on an inverted Nikon Ti widefield microscope. See Table S2 
for an antibody list.
Transmission electron microscopy analysis. Grafts were excised after 3 weeks in vivo, 

dissected into 1-mm cubes, and fixed. Samples were fixed overnight using 4% glutaralde-
hyde in 0.1 M sodium cacodylate buffer (pH 7.2–7.4) at 4 ◦ C. Tissues were then washed 5× 

for 5 min in buffer at room temperature and post-fixed on ice in buffered 2% osmium tetrox-
ide for 1 h. This was followed by five washes in double-distilled H 2 O (ddH 2 0) and then en 
bloc stained in 1% uranyl acetate (aqueous) overnight at 4 ◦ C. The next day, the tissue 
was washed 5× for 5 min in ddH 2 O then dehydrated in progressively increasing ice-cold 
30%, 50%, 70%, and 95% EtOH solutions before being allowed to come to room tempera-

ture. This was followed by two changes of 100% ETOH and two changes of propylene ox-
ide. The tissue was then infiltrated using a 1:1 mixture of propylene oxide:Epon Araldite 
resin for 2 h followed by two changes of fresh Epon Araldite for 2 h each. It was then placed 
in flat embedding molds and polymerized at 60 ◦ C overnight. Samples were sectioned at 1-
to 2-μm thickness to look for regions of interest in the graft, then ultra-thin sections of 
80 nm were cut on a Leica EM UC7 and post-stained with Reynolds Lead Citrate for imaging 
on a JEOL 1230 at 80KV.

Quantification and statistical analysis
Statistical analyses. To conduct controlled experiments assessing specific variables, 

we used the same technique for each implant formation and compared grafts of different 
time points using paired differentiations and pooled the results from multiple rounds of dif-
ferentiations. Error bars are mean ± standard error (SEM). Statistical analyses were per-
formed using Microsoft Excel and GraphPad Prism software. Details for statistical tests 
used, how data are displayed, number of replicates for each experiment, and what consti-
tuted an independent sample are included in the corresponding figure legends. To test sig-
nificance, p values were calculated using Welch’s two-tailed, unpaired t test or one-way 
ANOVAs with Tukey (Dunnett test used to compare FOXD1 expression to the control group 
at D0) post hoc comparisons. For RT-qPCR analysis, statistics were performed on ddCT 
measurements to get mean ± (SEM) to find significant differences, and then these values 
were converted to average fold-change expression with upper and lower limits based on the 
method described in Taylor et al. 23 Statistical significance was defined as *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001. Selected exact p values are provided in the 
figure legends in experiments that showed significant results.
Immunofluorescence image analysis and quantification: Number of hPODXL+ and 

LTL+ structures and line scans. Quantification of on-target structures and line-scan anal-
ysis were both performed using FIJI (ImageJ, NIH). For structure quantification, represen-
tative sections containing renal structures within the graft were stained with human nu-
clear antigen (HNA), anti-human podocalyxin (hPODXL), and Lotus tetragonolobus lectin 
(LTL) and a single stitched image was captured. A region of interest (ROI) of the graft 
was generated based on the HNA staining, and structures of a particular morphology 
and staining were counted within the section. For grafts where structures were not located 
by brightfield inspection during sectioning, representative sections of grafts were still 
stained with HNA, hPODXL, and LTL to confirm the lack of glomeruli and tubules. Each 
data point represents an individual animal. In some graphs, the number of structures is dis-
played as #/graft area where the counts were normalized by dividing by the cross-sectional 
area of the whole graft measured in FIJI.

For line-scan analyses, slides stained with mCD31 and hPODXL were imaged and in-
dividual glomerular structures from all day 7 grafts imaged were analyzed (25 total 
across seven grafts). In FIJI, a line tool was drawn spanning the structures to include 
the entirety of the outermost podocytes. Lines were drawn perpendicularly to the 
vascular-urinary pole axis for clarity. The “spline” was set to a width of 10 pixels to get 
a better representative value of fluorescence measurements of each channel at that po-
sition. To average the measurements from different glomeruli, signal intensity for each 
channel was normalized to the maximum intensity of that channel throughout the line 
scan, and distance/position was normalized to the total length of the line. Larger 
glomeruli were down-sampled to the smallest structure to allow for averaging of values. 
Graphs show mean ± SEM.

RESULTS
Early organoids contain an induced MM population

To define the time points at which NPCs arise in human kidney organoid cul-
tures, we applied an adherent culture protocol involving a single 36-h pulse of 
CHIR, which induces the subsequent differentiation of tubular organoid struc-
tures by day 15 (Figures 1A and 1B). 3 This differentiation protocol is relatively 
simple, enabling clean separation of the stages of differentiation, compared 
to other protocols that feature a second CHIR pulse. 4,6,12 Samples for qPCR 
and immunofluorescent analysis were taken every day starting immediately 
prior to the CHIR pulse until 4 days after the end of the pulse (D0–D6) 
(Figures 1C, 1D, and S1A). During the first 7 days of differentiation, genetic 
markers of intermediate mesoderm (PAX2, OSR1) were upregulated first, fol-
lowed by markers of MM (SALL1, SIX1), NPCs (SIX1, SIX2, ITGA8), and SPs 
(PDGFRA). Comparing earlier to later time points revealed that SIX2 RNA expres-
sion was maintained through D15, whereas CITED1 expression dropped off af-
ter D7 indicating the transition from a self-renewing to a differentiating NPC 
population (Figure S1B). Markers of epithelialization and nephron segment dif-
ferentiation, including the tubular markers EPCAM, LHX1, and HNF1B; podocyte 
markers PODXL and NPHS1; and tubule maturation markers megalin (LRP2)
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and cubilin (CUBN), increased after D7 (Figure 1E). The NPC marker, neural cell 
adhesion molecule 1 (NCAM1), 24,25 co-localized with early-forming PAX8 + NPCs 
in renal vesicle-like rosettes, which by D8 elongated into tubules with affinity for 
LTL, a marker of differentiated proximal tubules (Figure 1F). This mimicked 
staining of LTL at the distal end of S-shaped bodies in developing human kid-
neys (Figure S1C). Re-analysis of a bulk RNA sequencing (RNA-seq) dataset 
from organoid cultures 21 revealed enrichment of markers of NPCs and stromal 
progenitors (SPs) 15 on days 7 and 15, respectively (Figures 1G and S1D). 
Together, these data suggested that an induced MM (iMM) population arises 
in kidney organoid cultures between D4 and D7, which is followed by NPC dif-
ferentiation with SP differentiation shortly thereafter.

iMM is superior to differentiated organoids for graft formation
To evaluate the engraftment potential of early (D7) versus late (D15) cultures, 

implantations beneath the kidney capsule were performed at different time 
points from the same batches of differentiating organoids (Figures 2A and 
S2A). In a previous study of implantation using the same differentiation proto-
col, mature epithelial organoids were purified by microdissection prior to im-

A

D

E

F G

C

B

Figure 1. Temporal changes in cell markers indicate 
a window of opportunity for engraftment (A) Sche-
matic depicting the timeline of differentiation of em-
bryonic spheroids to kidney organoids with stages on 
the top showing CHIR pulse/culture conditions and 
bottom showing kidney development stages. The 
’window’ for optimal engraftment is indicated, based 
on the results of this study. (B) Representative 
brightfield images of kidney differentiations from day
0 to day 6 and day 17, where day 0 represents the 
beginning of the 36-h CHIR pulse. (C) qPCR graphs of 
commonly used kidney differentiation marker (PAX2, 
OSR1, SALL1, SIX1, SIX2, ITGA8, and PDGFRα) 
expression from day 0 to day 6, where expression has 
been reported as a fold change in reference to day 0. 
(D) Representative confocal immunofluorescence 
images of organoid differentiations from day 0 to day
6 showing increase in signal of kidney differentiation 
markers (PAX2 and SIX1). (E) qPCR graphs of kidney 
differentiation and maturation markers (EPCAM, 
LHX1, HNF1β, PODXL, NPHS1, LRP2, and CUBN) on 
days 4, 7, 11, and 15, where expression has been re-
ported as a fold change in reference to day 0. (F) 
Representative confocal immunofluorescence im-
ages of differentiation days 6, 8, and 10 showing 
expression patterns of PAX8, NCAM, and LTL. (G) 
Heatmap showing expression of key signaling mol-
ecules and transcription factors in iPSC-derived kid-
ney organoids at days 7 and 15. Scale bars, 200 μm 
(B), 100 μm (D and F). (qPCR graphs shown as 
mean ± SEM from n = 3 independent biological rep-
licates, selected significant comparisons shown: 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
using a one-way ANOVA with post hoc tests).

plantation, resulting in only limited vasculariza-
tion of podocyte clusters. 16 In this study, we 
used a cell scraper to collect all of the cells 
within the adherent cultures, including 
both epithelial and stromal compartments 
(Figure S2B). Inclusion of stroma was antici-
pated to potentially enhance organoid matura-
tion after transplant and furthermore enabled 
direct comparisons to earlier differentiation 
stages at which microdissection would not be 
feasible. When examining the impact of this pro-
cess on the starting material, we observed 
considerable maintenance of cell viability and 
maintenance of organoid macrostructure 
(Figures S2B–S2D). 

Implants from both time points were delivered 
beneath the kidney capsule 3,16,22 and grown 
in vivo for 21 days so that the only difference 
was the differentiation day of the starting mate-
rial. Upon excision, opaque tissue masses could 

be observed beneath the capsule (Figure 2B). When sectioning samples, un-
stained engrafted tissue containing renal epithelium was easily identifiable by 
brightfield illumination as the material was lighter than adjacent host kidney cor-
tex, less densely packed, and contained within clearly defined regions beneath 
the capsule (Figure S2E). HNA further confirmed the presence of human cells 
within these regions (Figure S2F). Strikingly, early implants contained a greater 
quantity of podocytes and tubules than late implants (Figure 2C). Quantification 
of representative sections revealed that early grafts contained approximately a 
4-fold increase in nephron structures (hPODXL + or LTL + ) per mm 2 of graft area 
as compared to D15 grafts (Figure 2D). Only structures that had typical glomer-
ular and tubular morphologies and stained positive for each respective marker 
were counted (Figure S2G). 

We examined the fate of mature organoids after implantation in a time-
course analysis. When late organoids were excised after 3, 10, and 21 days 
in vivo, the organization of hPODXL + podocytes and LTL + proximal tubules dete-
riorated in proportion to time post engraftment (Figure 2E). Large cysts were 
apparent within the graft shortly after implantation, and the grafts appeared 
viable and proliferative through day 21, as indicated by the increased cross-
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sectional area of representative sections imaged (Figure 2F). On day 3 after im-
plantation, the cysts were largely lined by stromal cells, but, by day 10, they had 
begun to be lined with cells expressing hPODXL, likely reflecting outgrowth of 
nephron epithelial cells into the cystic spaces (Figure S2H). Counting the abso-
lute number of renal-specific cell clusters revealed a significant loss of podo-
cytes in glomerulus-like structures by day 21 (Figure 2G).

In contrast to grafts of mature organoids (15 days in vitro + 10 days in vivo), 
grafts of iMM (4 days in vitro + 21 days in vivo) did not exhibit substantial cysts, 
even though the total growth period of 25 days was equivalent (Figure S2H). 
In addition, iMM grafts maintained glomerular structures even 29 days after 
implantation (Figure S2I). Together, these data showed that early cultures con-
taining iMM formed superior nephron-like grafts in vivo to late cultures contain-
ing terminally differentiated organoids, which undergo a cystic degradation 
process.

iMM grafts form glomeruli with human mesangial cells
Strikingly, iMM grafts formed intricate glomerulus-like structures (hitherto, 

glomeruli) encompassing a murine capillary tuft expressing mouse-specific 
CD31 (mCD31) enveloped by human podocytes (hPODXL + ) and parietal epithe-
lial cells (PECs, PAX8 + ) (Figures 3A–3C). Line-scan analysis through individual 
glomeruli perpendicular to the vascular-urinary pole axis revealed increased 
hPODXL signal on the exterior of these structures and increased mCD31 in 
the interior, reflecting encapsulation of the vasculature by the podocytes 
(Figures 3B and S3A).

The sophisticated morphology of these glomeruli, including contorted 
vascular beds, suggested that mesangial cells may be present. 26 Indeed, me-
sangial cells were identified within glomeruli by bright, compact GATA3 + nuclei 
on the opposite side of the capillaries from the podocytes, which co-localized 
with HNA, indicating they were human in origin (Figure 3C). Platelet-derived 
growth factor beta (PDGFRB) filled stromal regions between the glomerular

A

D

E

F G

C

B
Figure 2. iMM is superior to differentiated organo-
ids for graft formation (A) Schematic of experi-
mental design to compare early, day 7 progenitor 
cells, to late, day 15 organoids. (B) Stereomicroscope 
image of excised kidney. D7 subcapsular progenitor 
cell graft identified by yellow arrow. (C) Representa-
tive immunofluorescent HNA/hPODXL/LTL images 
for D7 and D15 grafts showing lack of structures in 
the D15 grafts. (D) Quantification of hPODXL + and 
LTL + structures in D7 and D15 grafts (mean ± SEM).
D7: n = 7 mice, 1.981 hPODXL + structures/mm 2 ,
8.069 LTL + structures/mm 2 . D15: n = 5, 0 hPODXL + 
structures/mm 2 , 0 LTL + structures/mm 2 . hPODXL 
p = 0.0193. LTL p = 0.0004. (E) Representative 
HNA/hPODXL/LTL whole-field immunofluorescent 
confocal images of representative sections of day 15 
grafts after 3, 10, and 21 days in vivo. (F) Comparison 
of cross-sectional graft area of day 15 implants after 
3, 10, and 21 days (mean ± SEM, n = 4 mice per 
group). (G) Quantification of hPODXL + glomerular 
structures and LTL + tubule structures in day 15 grafts 
(mean ± SEM, n = 4 mice per group). Scale bars, 
200 μm (C), 500 μm (E). Selected significant com-
parisons shown in graphs: *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 using Welch’s t tests or 
one-way ANOVA.

vasculature, further supporting the presence of 
mesangial cells (Figure 3D). Deposition of a 
glomerular basement membrane was marked 
by a pan-laminin stain that localized at the inter-
face between hPODXL and mCD31 (Figure 3E). 

DNA − AQP1 + erythrocytes were observed 
within the glomerular vasculature, demon-
strating systemic perfusion and size-selective 
filtration (Figure 3F). Additional staining with 
TER119, a specific marker for mouse red blood 
cells, confirmed their presence within these 
structures (Figure S3B). Cells within these 
glomeruli selectively expressed PV1 (PLVAP), 

a membrane glycoprotein located in the diaphragms of fenestrae of renal 
endothelial cells 27,28 (Figures 3G and S3C). Transmission electron microscopy 
(TEM) ultrastructural images of the glomeruli suggested perfusion of red 
blood cells through capillaries adjacent to presumptive podocytes and mesan-
gial cells and surrounded by parietal epithelial cells (Figure 3H). Low-magnifi-
cation imaging of the graft with mCD31 showed significant infiltration by host 
vasculature, which surrounded pockets of human nephron structures, 
whereas human endothelial cells (hCD31 + ) were observed within the graft 
but did not significantly interact with or invade the developing glomeruli 
(Figure 3I).

As our earlier experiments suggested that NPCs appeared within a few 

days of CHIR treatment, we tested whether even younger implants (D4) could 
still produce glomeruli. To generate sufficient cell numbers to form a pellet, 
the cell seeding density for differentiations was increased 2.5-fold to enable 
cell pellet formation during the implant-formation process (Figure S3D). D4 
grafts consistently formed segmented nephrons in vivo similar in appearance 
and quantity to D7 material tested side by side (Figures 3J and S3E). 
Compared to D7 grafts, D4 grafts tended to be larger and to contain a higher 
density of nephron-like structures, including a 2-fold increase in proximal 
tubular structures that was statistically significant (Figure S3E). Chimeric 
glomerular structures in D4 grafts were also surrounded by PECs and 
GATA3 + /HNA + human mesangial cells, but, qualitatively, the glomerulus-like 
structures in D4 grafts appeared slightly less mature, possibly resembling 
capillary loop-stage glomeruli (Figures S3F–S3H). After discovering these me-
sangial cells, we examined the FOXD1 expression levels in the differentiations 
by qPCR for additional evidence of stromal progenitor cells in addition to 
PDGFRA. 8 We found a significant increase in signal occurring around D5 
compared to D0 (Figure S3I). Together, these data showed that implanted pro-
genitor cells are able to recruit host vasculature to form architecturally com-
plex chimeric glomerular structures.
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Graft tubules achieve greater maturity than in vitro organoids
In addition to glomerular structures, grafts contained major segments of 

the nephron including proximal and distal tubules, as marked by LTL and 
epithelial cadherin (ECAD), respectively (Figure 4A). Nephron structures in 
grafts exhibited specific and statistically significant staining for the proximal 
tubule marker aquaporin 1 (AQP1), the loop of Henle marker uromodulin 
(UMOD), and the distal tubule marker GATA3, compared to organoids 
in vitro, in which these markers were largely undetectable (Figures 4B and 
4C). 16,29 We note that GATA3 in tubules can be distinguished from its expres-
sion in mesangial cells by virtue of cell morphology, location, and co-ex-
pressed markers. 30

Expression of angiotensin-converting enzyme 2 (ACE2), cubilin, and organic 
anion transporter 1 (OAT1) in proximal tubules was also observed, as was 
Na-K-Cl cotransporter (NKCC2) and mucin 1 (MUC1) in distal tubules 
(Figure S4A). Some expression of dolichos biflorus agglutinin (DBA) could be 
seen, but structures did not express more specific markers of principal and 
intercalated cells, including aquaporin 4 (AQP4), pendrin (SLC26A4), ETS variant 
transcription factor 4 (ETV4), and the Ret proto-oncogene (RET), confirming an 
absence of any ureteric bud or collecting duct segments within the grafts and 
suggesting that the GATA3 and DBA staining was from connecting tubule-like 
segments (Figures S4B and S4C).
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Figure 3. Engrafted human podocytes and mesan-
gial cells recruit mouse endothelial cells to form 
glomeruli (A) Representative confocal image of a 
vascularized chimeric glomerulus in the human 
grafts stained for mouse vasculature (mCD31), hu-
man podocytes (hPODXL), and parietal epithelial cells 
(PAX8). Dashed yellow line depicts an example of 
how line-scan analysis was performed. (B) Average 
normalized line scan of fluorescence signal of pooled 
chimeric glomerular structures (mean ± SEM, n = 25 
glomeruli pooled from five D7 grafts). (C) Represen-
tative confocal image of GATA3+/HNA+ human me-
sangial cells (arrow) within chimeric glomerular 
structures. (D) Representative confocal image of 
PDGFRβ+ cells within chimeric glomerular struc-
tures. (E) Representative confocal image showing the 
deposition of laminin between hPODXL+ human po-
docytes and mCD31+ mouse endothelial cells within 
chimeric glomeruli. (F) Representative confocal im-
age of AQP1+/DNA− erythrocytes (arrows) found 
within mCD31+ mouse vasculature structures of 
chimeric glomeruli. (G) Representative confocal im-
age of PV1+ expression within chimeric glomerular 
structures. (H) Transmission electron microscope 
(TEM) images of engrafted chimeric glomerular 
structures. PEC, parietal epithelial cell; podo, podo-
cyte. (I) Confocal immunofluorescent images of 
mouse (mCD31) and human (hCD31) vasculature 
and human podocalyxin (hPODXL) staining within the 
graft and murine kidney (MK). (J) Comparison of 
representative confocal immunofluorescent images 
of D4 and D7 grafts after 21 days in vivo, containing 
major nephron segments including podocytes 
(hPODXL) and proximal tubules (LTL). Scale bars, 
50 μm (A, C, and D–G), 8 μm (H), and 200 μm (I and J).

TEM images of tubules within the graft re-
vealed an abundance of mitochondria and 
tight junctions located near the apical sur-
face, indicating the potential to carry out en-
ergy-intensive transport, but brush borders 
were not observed (Figure 4D). PV1 + / 
mCD31 + endothelia surrounded PAX8 + tu-
bules, suggesting that fenestrated peritubular 
capillaries were forming from invading host 
vasculature and adopting a phenotype spe-
cific to the engrafted material (Figure 4E). 
Myeloid ecotropic insertion site (MEIS1/2/3) 
and PDGFRB, markers of renal interstitium, 
were expressed in stromal cells surrounding 
nephron epithelia (Figures 4F and 4G). 
Together, these data showed that the en-

grafted progenitor cells formed segmented nephrons that improved upon 
the maturation of organoids generated in vitro.

DISCUSSION
A detailed study of the optimal stage of differentiation for renal implants 

derived from iPSCs has not previously been conducted. Our findings indicate 
that implantation of progenitor cell populations rather than differentiated orga-
noids leads to improved in vivo subcapsular engraftment. Remarkably, a mere
4 days of iPSC differentiation in vitro is sufficient to specify an iMM population 
that can proceed to differentiate into sophisticated glomeruli in vivo. Conceptu-
ally, this finding is reminiscent of earlier observations using primary tissue im-
plants of embryonic metanephroi, which demonstrated superior engraftment 
when sourced from younger embryos. 31

In our previous study, we found that mature organoids could survive beneath 
the capsule and undergo a limited degree of vascularization from the host, 16 

whereas, in our study, mature organoids rapidly deteriorated. In the former 
study, we microdissected the organoids away from the surrounding stroma 
prior to implantation, whereas, in the present study, we scraped both epithelial 
structures and stromal cells from the well. It is possible that including the 
stroma, or alternatively the scraping methodology, contributed to more rapid 
deterioration. The stroma may provide a substrate onto which mature epithelial
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cells can outgrow and dedifferentiate, mimicking a process we have observed 
when organoids are replated in vitro. 32 Indeed, cavities that form within grafts of 
mature organoids are initially surrounded by stromal cells but gradually become 
lined with hPODXL + cells that appear more epithelial, suggesting an outgrowth 
process. In contrast, earlier-stage iMM produced more sophisticated glomeruli 
than mature organoids, even compared to our previous study, because the 
scraping occurred prior to differentiation of both epithelia and stroma, which 
were allowed to proceed without interruption in vivo. 16 Disordered stroma 
may also negatively affect vascularization of the graft, driving necrosis. 15,33 

Studies by other groups, utilizing alternative differentiation protocols, have 
suggested that glomeruli can successfully form from later-stage organoids 
(day 25). 17 It is possible that other protocols retain NPCs longer than our proto-
col due to additional treatments with CHIR and growth factors after the initial 
CHIR pulse. Indeed, one study employed heterochronic mixing of progenitors 
in an attempt to create a sustained NPC population in mature organoids suit-
able for long-term engraftment. 19 We intentionally employed a relatively simple 
differentiation protocol to enable more precise staging of the cultures and 
define the necessary complexity and time needed to generate successful grafts. 

One of the most significant discoveries in this study is that iMM gives rise to 
human mesangial cells within glomeruli, which are not known to arise in kidney 
organoids. 14 Mesangial cells, together with podocytes and endothelial cells, are 
among the major lineages that combine to form glomeruli. 26,34,35 As mesangial 
cells derive from SPs, the presence of renal mesangium within our grafts im-
plies the existence of an SP population in iMM, which likely arises in sync 
with the NPCs just as it does in vivo. 10 These SPs cannot be readily microdis-
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Figure 4. Engrafted tubules achieve greater matu-
rity than in vitro organoids (A) Comparison of repre-
sentative confocal immunofluorescent images 
of major nephron segments including podocytes 
(hPODXL), proximal tubules (LTL), and distal tubules 
(ECAD) within grafts (implanted on day 7 of differ-
entiation in vitro and left for 21 days in vivo) and 
organoids (day 21 of differentiation). (B) Immunoflu-
orescent staining for a panel of markers found in 
proximal tubules (AQP1) with LTL (left), loops of 
Henle (LOHs) (uromodulin [UMOD]) with ECAD (cen-
ter) and distal tubules (GATA3) with ECAD (right). (C) 
Quantification of maturation markers (AQP1, UMOD, 
and GATA3) in organoids versus grafts shows higher 
expression in grafts. Staining was scored as the ratio 
of positive to total structures per image (mean ± 
SEM, n ≥ 12 images per condition pooled from four 
independent experiments; **p < 0.01, ****p < 0.0001 
by Welch’s t tests). (D) Representative TEM image of 
a proximal tubule within a graft. Apically located 
mitochondria marked with arrow. (E) Representative 
confocal image of PV1 + peritubular capillaries. (F and 
G) (F) Representative immunofluorescent image of 
interstitial MEIS and (G) PDGFRβ observed in grafts 
surrounding renal tubules (PAX8 + ) with zoomed 
channel panels. Arrowhead highlights interstitial 
signal. MK, mouse kidney cortex. Scale bars, 100 μm 
(A), 50 μm (B), 2 μm (D), 50 μm (E), and 500 μm (F,G).

sected from neighboring NPCs, which prevents 
us from determining definitively which of these 
populations gives rise to the mesangium. It is 
possible that other types of renal stromal cells 
can also differentiate from SPs. Indeed, we 
and others have observed PDGFRB and 
MEIS1, markers of renal interstitium, in the abun-
dant stroma that arises within these grafts. 19 In 
contrast to mesangial cells, however, it is much 
more difficult to conclusively identify renal inter-
stitium in grafts based on combinations of gene 
expression markers and morphology. It is now 

recognized that SPs are critical to renal develop-
ment, and these are expected to be necessary 
for successful nephrogenesis from iPSCs. 9,15 

The ability to rapidly generate both NPCs and 
SPs in a single pot, so to speak, greatly simplifies 

the strategy needed for renal regeneration. This may also improve reproduc-
ibility, as variability in organoids may increase with time spent in vitro. 11,36 

Capillaries within glomerulus-like structures contain red blood cells, which 
appear to be filtered by the surrounding podocytes. Additional functional as-
says, such as size-selective filtration of injected dextrans, require live imaging 
through abdominal windows but would be interesting to develop in future 
studies. 37 Despite the impressive integration of iPSC-derived glomeruli with 
host vasculature, kidney tubules derived from the graft fail to fuse with the 
host’s urinary system, which prevents them from being fully functional. One po-
tential solution to this problem would be to implant progenitor cells within the 
cortex of the kidney, rather than within the capsule, which would promote inter-
action between graft tubules and host tubules by virtue of their physical prox-
imity. While we have previously succeeded in implanting organoids into 
neonatal kidneys, 3 implantation into the adult kidney cortex is technically chal-
lenging due to the dense and highly vascularized nature of the tissue and might 
do more harm than good. Now that we have identified a differentiation stage for 
implantation, the stage is set to determine which graft site would produce 
optimal integration, which would be best conducted in a separate follow-
up study.

Another significant limitation is that the grafts are still not fully mature and 
continue to contain an abundance of stromal cells, as previously re-
ported. 16,17,19 These may represent off-target lineages, which naturally arise 
from iPSCs, reflecting their inherent potential to produce any of the body’s 
numerous cell types. 3,11,13 Further optimization of the differentiation protocol 
might help eliminate such contaminants. 11 Alternatively, NPCs and SPs in
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organoid cultures could be expanded by providing the proper signals for self-
renewal in vitro, resulting in a scale-up of purified progenitor cells. While such 
conditions have been described for NPCs from iPSCs, these may select against 
SPs 20,38 ; therefore, it is important to identify conditions that support the expan-
sion of both SPs and NPCs simultaneously. Similarly, it would be beneficial to 
combine SPs and NPCs with ureteric bud cells, which give rise to the collecting 
ducts and are required for branching morphogenesis during normal kidney 
development. 15 We found no evidence for collecting duct differentiation in our 
grafts, which suggests that ureteric bud is absent in our organoid cultures, 
even at the earliest stages. 3,6 Careful study of specific progenitor cell popula-
tions and renal developmental stages in organoids, together with studies to 
identify optimal sites for engraftment, may ultimately lead to one-pot recipes 
of implantable progenitor cells suitable for renal regeneration.
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