
communications biology Article

https://doi.org/10.1038/s42003-024-06986-w

Generation of human-pig chimeric renal
organoids using iPSC technology

Check for updates

Koki Fujimori 1 , Shuichiro Yamanaka 2 , Kentaro Shimada 1, Kenji Matsui 2, Shiho Kawagoe2,
Takao Kuroda1, Atsushi Ikeda1, Makoto Inoue 1, Eiji Kobayashi3 & Takashi Yokoo 2

Porcine organs and human induced pluripotent stem cell (iPSC)-derived organoids as alternative
organs for human transplantation have garnered attention, but both face technical challenges.
Interspecies chimeric organ production using human iPSCs shows promise in overcoming these
challenges. Our group successfully generated chimeric renal organoids using human iPSC-derived
nephron progenitor cells (NPCs) and fetal mouse kidneys. However, the current technology is limited
to rodents. Therefore, this study focused on producing human-pig chimeric renal organoids, as pigs
are the most promising species for xenotransplantation. Modification of existing culture systems
enables continuous renal development in both species, resulting in the successful creation of human-
pig chimeric renal organoids. Moreover, this method can be applied to generate humanized
xenogeneic kidneys for future clinical applications. This study provides evidence that optimizing
culture conditions enables the early-stage kidney development beyond species barriers, thus
laying the foundation for accelerating research on humanized xenogeneic kidney fabrication for
clinical purposes.

In recent years, porcine organs have garnered attention as alternative grafts
for human organ transplantation, with several pioneering clinical studies
utilizing porcine kidneys having been conducted1–3. However, it has become
evident that immunological challenges persist in achieving long-term
engraftment and functionality4. On the other hand, studies on organogen-
esis utilizing human induced pluripotent stem cells (iPSCs) have also been
actively pursued in recent years5–7. Nonetheless, the complete establishment
of requisite cell types and environments for organogenesis is not yet
achieved, necessitating further research to create functional organs8. The
othermethod of chimera organogenesis using blastocyst complementation,
in which human pluripotent stem cells are injected into blastocyst stage
embryos genetically engineered not to develop specific organs, has also
garnered attention9–14. However, there remain ethical issues about the
resulting animals, as it is difficult to selectively engraft human cells exclu-
sively into the targeted organs within interspecies organisms14.

Interspecies chimeric organogenesis by injecting human iPSC-
derived cells into developing organs of different animal species is envi-
sioned as a promising approach to address these challenges in organ
production15,16. Indeed, in our previous studies, we achieved the partial
creation of heterologous, including human, chimeric kidneys by utilizing
the prenatal kidney development environment of a different species16,17.
Additionally, our xenotransplantation research demonstrated that

heterologous transplantation of porcine fetal kidneys to adult monkeys
resulted in lower immune rejection compared to adult organ
transplantation18. Furthermore, our study using rodents demonstrated
that when creating an interspecies chimeric kidney by injecting the reci-
pient’s renal cells into the kidney of a different species, the resulting kidney
transplanted into another recipient individual has lower immunogenicity
compared to conventional interspecies transplantation19.

As mentioned above, we have obtained evidence suggesting the future
clinical utility and potential of the humanized xeno-kidney, combining
human renal cells with embryonic kidneys from a different species. How-
ever, the chimerism rate and maturity of human cells are still insufficient,
necessitating the identification of a specific environment that enables
coexistence and co-development regardless of species. Therefore, as a new
chimera model aimed at exploring culture conditions that promote the
coexistence and co-development of cells from humans and other animal
species, “chimeric renal organoids” were successfully generated by co-
culturingdissociated fetal kidneys andhumanNPCs at the single-cell level20.

However, with the current culture techniques, even the chimeric renal
organoids combining human and mouse cells did not exhibit sufficient
competency to coexist and co-develop. Furthermore, studies utilizing
pluripotent stemcells fromdifferent species have suggested thepresenceof a
barrier inhibiting interspecies chimera formation21, along with reported
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variations in the rate of organogenesis among interspecies animals22. These
suggest that there are remaining challenges in effectively achieving inter-
species chimera formation. Additionally, it remained unclear whether the
generation of such chimeric kidneys or chimeric renal organoids could be
achieved using human-derived renal progenitor cells in large animals such
as pigs, as previous studies were limited to rodent models.

Pigs are considered the most ideal organ xenograft donor and have
several advantages for chimeric kidney production due to their similar
organ size, physiological functions resembling humans, rapid growth, and
ease of organ procurement23. In xenotransplantation of pig organs, chal-
lenges in immune rejection continue to be addressed, and our ultimate
goal is to overcome immunological barriers by creating humanized pig
kidneys. Thus, the generation of chimeric renal organoids using human
NPCs and porcine kidney cells represents a crucial step toward the future
development of humanized pig kidney organogenesis for clinical appli-
cation. Nevertheless, no methods for chimeric renal organoid creation
using human renal cells and porcine renal cells, including the culture of
porcine fetal kidney cells, have been reported to date. Furthermore, recent
studies employing blastocyst complementation have revealed that human
iPSCs and their derivatives are not highly committed to pig blastocysts14,
highlighting the need for establishing cultivation techniques for efficient
human-pig chimera formation.

In this study, to construct a culture system enabling cross-species
renal development, we initially modified existing human-mouse mixed
organoid culture systems to prolong survival and facilitate renal devel-
opment in their component species.We then validated the applicability of
thismethod to porcine fetal kidney cells, ultimately achieving the creation
of human-pig chimeric organoids. Importantly, the identified culture
conditions were suitable not only for human-xenogeneic chimeric renal
organoids but also for human-xenogenic chimeric kidneys for future
clinical purposes.

Results
Optimization of culture conditions for chimeric renal organoid
composition
The production of fetal mouse kidney organoids, in which fetal kidneys are
enzymatically processed, aggregated from a single-cell state, and subse-
quently reconstructed to recapitulate renal structures, has beendocumented
in previous studies24,25. Leveraging the self-organization of fetal kidney
progenitor cells, we demonstrated the incorporation of human iPSC-
derived NPCs during fetal kidney organoid formation, resulting in the
formation of interspecies human-mouse chimeric nephrons20. However,
while we initially considered the survival and organoid formation of cell
types constituting the renal organoids to be crucial, it became evident in our
approach that the survival and organoid formation of human NPCs were
not sufficient even when utilizing human NPCs with confirmed differ-
entiation potential (Supplementary Fig. 1a, b). Consequently, it was con-
firmed that the proportion of human cells within chimeric renal organoids
and the chimera formation rate diminished in a time-dependent manner
(Supplementary Fig. 1c, d).

Therefore, we further explored culture conditions that would enable
the survival, differentiation, and maturation of three organoid models:
human-animal chimeric renal organoids and their constituent species-
specific renal organoids (e.g., human renal organoids and mouse or
pig renal organoids). We initiated an investigation into the culture condi-
tions using human-mouse chimeric renal organoids as a starting point
(Fig. 1a, b). During the formation of chimeric renal organoids, the reag-
gregationmedium andmaturationmediumhave conventionally been FBS-
supplementedDMEM/F1220. In this study,we selected previously employed
media for differentiation and maturation of NPCs, specifically “NPC_Re-
agg”medium for the reaggregationmedium, and “NPC_Mat”medium and
“KR5_Mat” medium15,16 for the maturation medium26–29, and conducted a
comparative investigation (Fig. 1a, b). Initially, usingDMEM/F12with 10%
FBS for reaggregation and either NPC_Mat or KR5_Mat for maturation,
organoid formation was observed in all species/conditions; however, the

reaggregated products fromhumanNPCdid not exhibit a distinct organoid
morphology (Fig. 1c).

On the other hand, when utilizing NPC_Re-agg as the reaggregation
medium, organoid formation was observed for all maturation conditions.
Among the investigated maturation culture conditions, organoids cul-
tured with NPC_Mat or KR5_Mat exhibited a particularly distinct three-
dimensional structure (Fig. 1c). From the morphological analysis, it was
quantitatively confirmed that all three organoid models exhibited larger
organoid sizes when NPC_Re-agg was used as a reaggregation medium,
followed by NPC_Mat or KR5_Mat as a maturation medium (Fig. 1d).
These studies elucidated novel culture conditions for establishing the
three renal organoid models: the mouse, human, and chimeric human-
mouse renal organoids. It was implied that both reaggregation and
maturation media strongly influence renal organoid formation as well as
chimeric renal organoid formation.

Evaluation of heterogeneous chimeric renal organoids formed
under different culture conditions
We conducted an immunostaining evaluation of six combinations of
reaggregation and maturation media to investigate the conditions. Immu-
nostainingwas conductedonhuman-mouse chimeric renal organoidsusing
representative markers of nephron segments, includingWT1 (expressed in
differentiating NPCs and glomeruli) and E-cadherin-1 (ECAD specific to
distal tubules), as well as the representative marker of ureteric buds (UBs),
CK8. Regardless of the culture conditions, the formed human-mouse chi-
meric renal organoids exhibited WT1-positive glomerular structures,
ECAD-positive distal tubule structures, and CK8-positive UB structures
(Fig. 2a–d). No significant differences were observed in the CK8 positivity
rate under any of the culture conditions (Fig. 2e). However whenNPC_Re-
agg was used as the reaggregation medium, organoids exhibited a higher
proportion of Ku80- orHuNu-positive human cells and a greater density of
kidney structures compared to organoids cultured inDMEM/F12with 10%
FBS (Fig. 2a–d). In the groups where KR5_Mat was used as the maturation
medium, irrespective of the reaggregationmedium used, numerous tubular
structures were observed (Fig. 2a–d). Images of organoids costained for
Ku80 and HuNu, human cell markers, demonstrated the formation of a
“chimeric structure” including nephron structures that are part human and
partmouse (Fig. 2a–d).Thesedata suggest that the formedorganoids arenot
mere mixtures of heterologous kidney cells but have common structures
that develop in a coordinated manner.

Chimeric renal organoid formation was demonstrated under all the
investigated culture conditions. On the other hand, cell population ana-
lysis conducted on the 6th day ofmaturation culture revealed variations in
the % area of human cells, ECAD-positive cells, and WT1-positive cells
depending on the culture conditions (Fig. 2e). Particularly, using
NPC_Re-agg as the reaggregation medium maintained the human cell
content at a high level on the 6th day of maturation culture (Fig. 2e).
This result emphasized the importance of the surrounding environment
during reaggregation, and in contrast to the previously reported
chimeric renal organoid reaggregation medium, NPC_Re-agg contained
CHIR99021 and FGF9, suggesting that the activation of Wnt and FGF9
signals significantly contributed to human cell survival during chimeric
renal organoid reaggregation.

Furthermore, using NPC_Re-agg as the reaggregation medium and
NPC_Mat as the maturation medium, the highest nephron segment rate
was achieved (Fig. 2e). On the other hand, even with NPC_Re-agg as the
reaggregation medium, maturation with KR5_Mat resulted in a significant
predominance of ECAD-positive cells (Fig. 2e), implying an influence on
the differentiation and orientation of each nephron segment of NPCs.

Calculating the chimera formation rate of human-mouse chimeras,
focusing on both glomeruli and distal tubules in the chimera evaluation,
the combination of NPC_Re-agg andNPC_Mat significantly improved the
chimera formation rate (Fig. 2f). Chimeric renal organoids cultured in the
combination of NPC_Re-agg and NPC_Mat media exhibited chimeric
organization,withhumanNPCs contributing tomouse cap structures at the
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early stage of maturation culture, and chimeric structures characteristic of
the renal vesicle (RV) (Fig. 2g and Supplementary Fig. 2), comma-shaped
body, and S-shaped body stages (Fig. 2g).

The combination of NPC_Re-agg and NPC_Mat improved the for-
mation of human, mouse, and human-mouse chimeric renal organoids,
compared to the previous report20. Additionally, the composition of the
medium was shown to influence the ratio of components in the chimera.

Evaluation of fetal pig kidney development and formation of fetal
pig kidney organoids
Next, we evaluated whether the selected culture conditions were suitable for
forming organoids using fetal pig kidney cells. Initially, fetal pig kidneys were
selectively collected through microscopic surgery of E30 porcine fetuses
immediately after their removal from the uterus. The size andmorphology of
theharvestedE30porcinekidneyswere similar to thoseof conventionallyused

Fig. 1 | Screening of culture conditions using human-mouse chimeric renal
organoids. a Experimental scheme for the generation and examination of chimeric
renal organoids. b Experimental scheme depicting the tested culture conditions and
time course for chimeric renal organoid fabrication. c Bright-field images of

organoids formed under each culture condition. Scale bar represents 200 μm.
d Quantitative analysis of the sizes of fetal mouse kidney organoids, human NPC
organoids, and chimeric renal organoids composed of human NPC and fetal mouse
kidney, under various culture conditions.
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E13.5mouse kidneys.Multiple cap structureswere observed beneath the renal
capsule in the porcine E30 kidneys (Fig. 3a).Morphological analysis indicated
that while the E13.5 mouse kidneys used in this study showed nephron
development up to the RV stage, the E30 porcine kidneys exhibited structures
progressing up to the comma-shaped and S-shaped body stages, albeit with
somevariationamong individualporcine fetuses (Fig. 3a).Thesedata suggest a

slightly more advanced stage of development in E30 porcine kidneys com-
pared to E13.5 mouse kidneys used in this study (Fig. 3a).

Similar to the study in mice, single-cell dissociation was performed on
porcine E30 kidneys, and reaggregation and maturation media were com-
pared. Organoids were formed under all culture conditions (Fig. 3b, c).
However, the organoid sizes varied with each culture condition. Regardless
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of the reaggregation medium used, larger porcine fetal organoids were
formed when the maturation medium was either NPC_Mat or KR5_Mat,
compared to the conventional medium (Fig. 3c).

Immunostaining analysis conducted on the 6th day of maturation
revealed differences in the sizes of porcine fetal kidney organoids based on
the culturemedium (Fig. 3d, e). However, all porcine fetal kidney organoids
were confirmed to possess kidney structures positive for WT1, ECAD, and
CK8 (Fig. 3d, e), while theywere negative for human cellmarkers, Ku80 and
HuNu (Supplementary Fig. 3a, b). Moreover, irrespective of the culture
condition, ECAD-positive structures predominated over WT1-positive
ones, and a bias towards the distal tubules was observed in nephron seg-
ments (Fig. 3d–f). The combination of reaggregationmediumNPC_Re-agg
and maturation medium NPC_Mat yielded the highest number of WT1-
positive cells (Fig. 3d–f).

Formationandevaluationofhuman-pigchimeric renalorganoids
Based on the results of the porcine fetal kidney organoid culture conditions
(Fig. 3b–f) and the evaluation of human-mouse chimeric renal organoids
(Figs. 1c, d, 2a–f), we selected the combination of reaggregation medium
NPC_Re-agg and maturation medium NPC_Mat for initiating the culti-
vation of human-porcine chimeric renal organoids (Fig. 4a).We proceeded
with the cultivationof human-porcine chimeric renal organoids, varying the
human-porcine cell mixture ratios to observe their impact on chimeric
organoid formation. The cell resources included E30 porcine fetal kidneys
and human iPSC-derived NPCs, the latter having been further enriched
using magnetic-activated cell sorting (MACS).

By utilizing these two cell resources and cultivating them under the
selected culture conditions, we confirmed the formation of human-porcine
chimeric renal organoids (Fig. 4b). Immunostaining using a distal tubule
marker revealed the formation of chimeric structures in multiple locations
within the human-porcine chimeric renal organoids (Fig. 4b).

Immunostaining analysis using a glomerular marker showed that
glomeruli were present in very few numbers within the human-porcine
chimeric renal organoids (Fig. 4b). Similar findings were observed in por-
cine fetal kidney organoids (Fig. 3d–f), suggesting that the origin of this
phenomenon was likely the porcine fetal kidney rather than the human
NPC component. However, the few glomerular structures identified had
chimeric structure, indicating that human NPCs demonstrated chimera-
forming ability within porcine glomeruli (Fig. 4b).

The quantitative analysis demonstrated that, regardless of variations in
the mixing ratio of human and pig cells, the size of organoids remained
largely consistent (Fig. 4b, c). No significant differenceswere observed in the
composition ratio of each nephron segment or UBs. However, the com-
position ratio of human cells increased and interestingly the rate of chimeric
renal structure formation increased in a human cellmixing ratio-dependent
manner (Fig. 4b, c).

In terms of both human cell inclusion rate and chimeric structure
formation rate, immunostaining analysis of chimeric renal organoids at the
optimal human-pig mixing ratio of 3:1 revealed the expression of various
glomerular markers, proximal tubule markers, and distal tubule markers,
indicating the presence of late developmental stage in the generated chi-
meric renal organoids (Fig. 4d). Similar staining patterns were observed in
fetal pig kidney organoids and human NPC-derived organoids cultured
under the same conditions (Supplementary Fig. 4a, b). These results suggest
that the selected culture conditions facilitate the coexistence and coincident

development of human and pig renal cells, leading to the induction of
certain levels of differentiation and maturation in the organoids.

Comparison between human-pig and human-mouse chimeric renal
organoids at a 3:1mixing ratio revealed characteristic cellular compositions,
where the human-pig chimeric organoids exhibited a higher proportion of
ECAD-positive distal tubules and a lower proportion of WT1-positive
glomeruli compared to human-mouse chimeric organoids (Fig. 4e).
However, no significant differences were observed in the rate of chimeric
structure formation (Fig. 4f). These findings suggest that, from the per-
spective of chimeric structure formation, human-pig chimeric renal orga-
noids are comparable to human-mouse chimeric renal organoids.

Utilization of selected culture conditions for generation of
humanized xenogeneic kidneys
Targeting clinical applications, we next conducted investigations to validate
the applicability of the selected culture conditions for the establishment of
humanized xenogeneic kidneys. In our previous study, we confirmed that
human NPCs can mature and connect with mouse UBs, reaching the RV
stagewhen cultured inMEMαmediumsupplementedwithFBS16.However,
the engraftment efficiency of human NPCs was low, and the formation of
chimeric structures was limited. Additionally, it is essential for kidney
development that NPCs form a cap-like structure surrounding the UB
during its early stages. Our previous reports lacked conclusive evidence of a
distinct human-mouse chimeric cap-like structure, which may have hin-
dered further progression of kidney development16. Therefore, in this study,
we investigatedwhether the engraftment and chimera formation abilities of
humanNPCs could be enhanced, as well as foster the formation of chimeric
cap-like structures, by culturing them in selected conditions using xeno-
geneic embryonic kidneys after injection (Fig. 5a).

EGFP-labeled human iPSC-derived NPCs were dissociated into single
cells and injected under the renal capsule of E13.5 mouse embryos, which
were then cultured at the air-liquid interface in NPC_Re-agg medium for
four days. Microscopic examination of the injected fetal mouse kidneys
immediately after injection revealed that the morphology of the recipient
kidneys remained intact, and the amount of EGFP-labeled human NPCs
injected beneath the renal capsule surface was observed (Fig. 5b). By the
fourth day of culture, it was quantitatively confirmed that the recipient fetal
mouse kidneys had increased in size, and the humanNPCs injected beneath
their capsule also exhibited proportional enlargement (Fig. 5c, d).

Immunostaining analysis revealed thick and layered engraftment of
human cells beneath the mouse embryonic renal capsule, forming a three-
dimensional structure (Fig. 5e). Furthermore, high-magnification images
demonstrated the engraftment of human cells at the tip of the mouse UB-
like structure, strongly indicating the formation of chimeric cap-like
structure (Fig. 5f and Supplementary Movie 1). These results demonstrate
that the selectively chosen culture conditions contribute to the survival and
chimera formation ability of humanNPCs injected intomouse fetal kidneys
beneath the subrenal capsule. Furthermore, the resulting chimeric struc-
tures exhibited characteristic features of early kidney development, sig-
nifying the achievement of a milestone on the pathway to the future
acquisition of renal functionality in humanized xenogeneic kidneys.

Discussion
This study established a cultivation system enabling cross-species nephro-
genesis in the early stages of kidney development by refining the existing

Fig. 2 | Evaluation of human-mouse chimeric renal organoids formed under
different culture conditions. a, b Immunostaining images of chimeric renal orga-
noids at Day 6 that were stained using antibody against a distal tubule marker, a
ureteric bud marker, and a human cell marker. Scale bars represent 200 μm (a:
original images) and 100 μm (b: magnified images). c, d Immunostaining images of
chimeric renal organoids at Day 6 that were stained using antibody against a glo-
merulus marker, a ureteric bud marker, and a human cell marker. Scale bars
represent 200 μm (c: original images) and 100 μm (d: magnified images). e Cellular
composition analysis based on immunostaining images (n = 3 independent

experiments; mean ± s.d.; *P < 0.05, **P < 0.01; one-way ANOVA followed by the
Tukey test). f Quantitative analysis of chimera formation rate. The left graph indi-
cates the chimera rate in distal tubule staining images, while the right graph indicates
the chimera rate in glomerulus staining images (n = 3 independent experiments;
mean ± s.d.; **P < 0.01; one-way ANOVA followed by the Tukey test).
g Immunostaining images of chimeric renal organoids at Day 2 of culture in the
combination of NPC_Re-agg and NPC_Mat media. White arrowhead indicates cap
structure, yellow arrowheads indicate RVs, yellow arrow indicates comma-shaped
body, and white arrow indicates S-shaped body. Scale bars represent 200 μm.
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Fig. 3 | Generation and evaluation of fetal pig kidney organoids. a Histological
comparative analysis of E13.5 mouse kidney and E30 pig kidney. Individual varia-
tion in fetal pig kidney size was observed, and representative examples of larger (E30
Pig-1) and smaller (E30 Pig-2) kidneys were presented. White arrowheads indicate
RVs and yellow arrowheads indicate comma-shaped bodies or S-shaped bodies.
Scale bars represent 200 μm. b Experimental scheme of organoid formation using
fetal pig kidneys. c Bright-field images of pig kidney organoids formed under

different culture conditions. Scale bar represents 200 μm. d Immunostaining images
of pig kidney organoids at Day 6 that were stained by antibody against a distal tubule
marker and a ureteric bud marker. Scale bar represents 200 μm. e Immunostaining
images of pig kidney organoids at Day 6 that were stained by antibody against a
glomerular marker and a ureteric bud marker. Scale bar represents 200 μm.
fQuantitative analysis of cell composition ratio for fetal pig kidney organoids under
various culture conditions.
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culture conditions for human-mouse chimeric renal organoids. This opti-
mized culture system allows for the coexistence of both the animal and
human cellular components at least during the early stage of nephrogenesis
and facilitates more efficient interspecies chimera formation. Furthermore,
the identified optimized culture conditions were found to be suitable for the
formation of porcine fetal kidney organoids. Ultimately, we achieved the

first successful creation of human-porcine chimeric renal organoids. The
ability of human NPCs to form chimeric renal organoids with porcine cells
strongly supports the potential of utilizing the developmental environment
of porcine fetus, such as through fetal organ complementation, to enable the
development of human renal precursor cells. In addition,we discovered that
using selected conditions to culture fetal mouse kidneys, into which human
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Fig. 4 | Generation and evaluation of human-pig chimeric renal organoids.
a Experimental scheme for generating human-pig chimeric renal organoids using
fetal pig kidneys and human iPSC-derived NPCs. b Bright-field images and
immunostaining images of chimeric renal organoids formed at different human-pig
mixing ratios and stained by a distal tubule marker, a glomerular marker, and a
human cell marker. Scale bars represent 200 μm. c Quantitative analysis of size,
cellular composition ratio, and chimeric structure formation rate using human-pig
chimeric renal organoids at different human-pig cell mixing ratios. d Images of
human(3)-pig(1) chimeric renal organoids immunostained by antibodies at various
developmental stages of each nephron segment. Scale bars represent 100 μm.
eCellular composition analysis based on images of organoids after immunostaining.

The quantitative data of human-pig chimeric renal organoids were obtained from
chimeric organoid imageswith a human-pig cellmixing ratio of 3:1. The quantitative
data of human-mouse chimeric renal organoids were reutilized from Fig. 2e (n = 3
independent experiments; mean ± s.d.; *P < 0.05, **P < 0.01; two-tailed t-test).
f Quantitative analysis of chimera formation rate. The left graph indicates the chi-
mera rate in images of stained distal tubules, while the right graph indicates the
chimera rate in images of stained glomeruli. The quantitative data of human-pig
chimeric renal organoids were obtained from chimeric organoid images with a
human-pig cell mixing ratio of 3:1. The quantitative data of human-mouse chimeric
renal organoids were reutilized from Fig. 2f (n = 3 independent experiments;
mean ± s.d.; two-tailed t-test).

Fig. 5 | Evaluation of human NPC-injected fetal mouse kidney using specific
culture conditions. a Experimental scheme for the generation and in vitro culture of
human-mouse chimeric kidneys. b Fluorescence stereomicroscope images of fetal
mouse kidney immediately after injection of human NPC. Scale bar represents
750 μm. c Fluorescence stereomicroscope images of human NPC-injected fetal
mouse kidney cultured for 4 days under the identified culture conditions. Scale bar

represents 750 μm. dQuantitative analysis of the area of human NPC-injected fetal
mouse kidneys and the injected human NPC (n = 3 independent experiments;
mean ± s.d.; **P < 0.01; two-tailed t-test). e, f Immunostaining images of human
NPC-injected fetal mouse kidney cultured for 4 days under the identified culture
conditions. Scale bar represents 100 μm.
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NPCswere subcapsularly injected, improved the survival of humancells and
enhanced chimera formation. These findings hold significant promise for
future research on the production of human-xenogeneic chimeric kidneys
for clinical purposes.

In order to improve cell survival and chimera formation rates in
human-mouse chimeric renal organoids and achieve the formation of
human-pig chimeric renal organoids, we initially explored conditions for
the stable organoidmaturation of the constituent cells, humanNPCs, and
fetal mouse (or pig) kidney cells. Through the investigation of conditions,
we identified culturing conditions where cells from different animal
species can survive within the chimeric renal organoids. Consequently, it
is believed that the opportunities for interspecies cell-cell interactions
increased, leading to a higher chimera formation rate. These findings
suggest that the optimization of culture conditions can surpass the barrier
mechanisms that suppress interspecies chimera formation21, indicating a
significant developmental insight.

In particular, a significant improvement in the human cell ratio within
chimera organoids was observed when NPC_Re-agg, containing
CHIR99021 and FGF9, was used as a reaggregation culture medium
(Fig. 2e). Taguchi et al. demonstrated that the addition of low-concentration
CHIR99021 and FGF9 is crucial in inducing differentiation from posterior
intermediate mesoderm tometanephric nephron progenitors using human
iPSCs28. FGF9 has been reported to contribute to the maintenance and
proliferation of human NPCs30. Previous studies on renal development
using rodents have also reported that the formation of the metanephric
mesenchyme critically relies on the FGF receptors, while themaintenance of
themetanephric mesenchyme necessitates FGF9/FGF2030,31. Therefore, it is
believed that the FGF9 signaling pathway significantly contributes to the
survival and development of not only mouse renal cells but also human
NPCs in chimera organoids.

Recently, Li et al. successfully induced the differentiation of renal
organoids from naïve-like embryonic stem cells (ESCs) derived from pigs32.
Although our study differs from theirs in terms of the original cellular
resources used, they also employed FGF9 and Wnt signal activators in the
process of porcine renal organoid generation.Considering that their porcine
ESC-derived renal organoids were produced by appropriately controlling
both signals, which is analogous to the human kidney development
process33–35, it is suggested that FGF9 and Wnt signals are also important
factors in pig kidney development. Thus, the observed commonalities
between human and pig kidney development processes are believed to be
one of the contributing factors facilitating the coexistence and chimera
formation of human NPCs and pig fetal kidney cells in our study.

On the other hand, when KR5_Mat was used as the maturation
medium, although the survival rate of humanNPCs and fetalmouse kidney
cells was maintained, the chimera formation rate was lower (Fig. 2f).
KR5_Mat provides a strong Wnt signal in the early stages of maturation
culture, and it has been reported that excessive Wnt signal not only accel-
erates nephron development but also biases differentiation towards the
distal tubules36–38. Furthermore, Chen et al. demonstrated through experi-
ments involving the injection of embryonic mouse NPCs into cap
mesenchyme of mouse fetal kidneys at different developmental stages, the
developmental timing difference significantly influences the survival and
differentiation of injected NPCs39.

Thus, it is postulated that the strong action of the Wnt signal dis-
rupted the balance of self-renewal and differentiation of human NPCs,
leading to an increased population of epithelialized or differentiated
NPCs, as well as causing a mismatch in developmental stages between
human and mouse. Consequently, this perturbation is believed to have
resulted in a reduction of opportunities for cell-cell interactions in the
appropriate cellular state and mistiming of chimera formation. In cells
cultured in NPC_Mat medium, which maintains a relatively low Wnt
signal condition, no bias in differentiation was observed, and efficient
chimera formation was achieved (Fig. 2f).

This suggests that not only cell survival rates but also the regulation of
differentiation direction, as well as the synchronization of developmental

stages between mice and humans as previously discussed40,41, may be
important factors for chimera formation. Further research, considering dif-
ferencesamonganimal species, is anticipated to shedmore lighton thismatter.

As shown inFig. 3, differences in the compositionofnephron segments
were observed between porcine and murine fetal kidney organoids. In this
study, E30 pig and E13.5 mouse kidneys were used as cellular resources,
considering potential limitations in the accuracy of pregnancy detection
methods and inter-individual variations. Nonetheless, at least in the case of
the E30 porcine kidney, a greater abundance of late-stage nephron struc-
tures was observed. Furthermore, in E13.5 mouse kidney organoids, an
increase in the proportion of distal tubules dependent on Wnt signaling
during culture was observed, while in fetal pig kidney organoids, the com-
position of cell types remained relatively stable regardless of the strength of
Wnt signaling (Fig. 3d–f). Considering the decrease in NPCs and the
increase in tubular structures as nephron development progresses, the
observed differences in the nephron segment composition in this study
cannot be entirely disregarded as solely due to the differences in animal
species. It is believed that at the very least, variations in the developmental
origins have influenced these differences.

The chimeric renal structures observed in this study were mosaic
chimeras, where some of the renal structures were replaced by the host
animal components. This is likely attributed to the fact that the host animal
NPCs were not excluded in this experimental system. The future develop-
ment of a system that selectively excludes host pig NPCs, such as Six2-DTA
systems16, is expected to further enhance the chimera formation rates and
achieve complete humanization of NPCs in the porcine kidney.

NPCs are known to exist beneath the renal capsule during the fetal
period. In order to generate humanized xenogeneic kidneys for future
clinical applications, we endeavored to inject human NPCs beneath the
renal capsule of fetal mice. In this study, we successfully identified culture
conditions that improve the survival and chimera formation of human
NPCs injected beneath the renal capsule, thereby improving not only the
formation of chimeric renal structures but also confirming the presence of
cap-like structures characteristic of early kidney development. This indi-
cates the incorporation of humanNPCs into early mouse development and
holds promise for further kidneydevelopment.While a similar investigation
using the human-pig combination has not been conducted in this study,
these findings could serve as a pivotal milestone on the pathway toward the
future generation of xenogeneic chimera kidneys with potential clinical
immunological advantages compared to genetically edited xeno-kidneys
that still retain inherent risks of immune rejection.

There are still remaining challenges to fully exploiting the potential of
our human-xenogeneic chimeric renal models to acquire renal function.
Long-termmaturation of the chimeric renal organoid and the humanNPC-
injected chimeric kidney necessitates sufficient nutrient and oxygen supply
to the internal structure; furthermore, from a physical standpoint, blood
inflow to the glomeruli is necessary for themto acquirefiltration capacity. In
other words, we believe that transplantation into the animal body and
vascular invasion are essential for functional acquisition in both renal
models42. In fact, in our previous study, we confirmed the feasibility of urine
production through the transplantation of mouse-rat chimeric kidney
models created by injecting fetal rat renal cells into fetalmouse kidneys with
endogenous NPCs that can be eliminated through drug induction and
transplanting the chimeric kidneys into immunodeficient adult mice16.

However, despite our recent attempts to transplant human-mouse
chimeric renal organoids into the subcapsular region of host immunodefi-
cientmice, differentiation andmaturation of the grafts pose challenges to the
full realization of our chimeric renal organoids. Sharmin et al. have demon-
strated that even human NPCs, when transplanted into the subcapsular
region of mouse kidneys, can form functional glomeruli with Bowman’s
space. They co-cultured humanNPCs with mouse embryonic spinal cord to
promote differentiation andmaturation, followed by transplantation of these
two components together. Furthermore, they co-transplanted agarose rods
soaked in VEGF solution to induce host vascularization43. The imple-
mentation of such techniques for post-transplantation renal development
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and host vascularization promotion may offer valuable solutions to the
problem of generating chimeric renal organoids that are functional. Another
suitable approach may involve transplanting chimeric renal organoids with
vascular networks obtained through pre-cultivation in artificially scaffolded
environments such as microphysiological systems utilizing fluidic dynamics.

Similar technical challenges are anticipated for the acquisition of renal
function in xenogeneic kidney models with human NPC injection. In
particular, the introductionof the system for removing endogenousNPCs in
fetal kidneys, as mentioned earlier, would be a crucial element to expedite
research toward the creation of functional humanized xenogeneic kidneys.

In summary, this study provides evidence showing that the cross-
species renal development can be achieved by optimizing cultivation con-
ditions, using human, mouse, and pig renal cells. While further advance-
ment of renal development to acquire kidney function remains a future
challenge, the established cultivation technique holds great potential for
accelerating future research on humanized pig kidney generation, aimed at
clinical applications.

Methods
Human iPSC culture
The human iPSC line, iPSC-S09, andEGFP-labeled human iPSC lines, iPSC-
S09 and 317-12-Ff 44, were used in this study. The iPSC-S09 line was estab-
lished by Sumitomo Pharma Co., Ltd. from peripheral blood cells using
Sendai virus vectors. The cells were maintained on iMatrix-511 (Nippi. Inc.,
Osaka, Japan) in StemFit medium (Ajinomoto Co., Inc., Tokyo, Japan), and
cultured in a humidified atmosphere of 5% CO2 at 37 °C. The cell culture
mediumwas changed every 1–2 days and passaged every 7 days by treatment
with TrypLE Select Enzyme (Thermo Fisher Scientific Inc., MA, USA).

The experimental protocols using clinical-grade human iPSCs were
approved by the Research Ethics Committee of Sumitomo Pharma Co.,
Ltd., Japan.

Induction of NPCs from human iPSCs
NPCswere induced from human iPSCs according to previously established
methods28,45 with slight modification. Briefly, on the day of induction (day
0), 10,000 iPSCs per well were seeded in a PrimeSurface 96 Slit-Well plate
(Sumitomo Bakelite Co., Ltd., Tokyo, Japan) containing basal medium for
humanNPCs (NPCbasalmedium)28,45, whichwas supplementedwith 3 ng/
mLhumanactivinA(R&DSystems, Inc.,Minneapolis,MN,USA), 1 ng/mL
human bonemorphogenetic protein 4 (Bmp4) (R&D Systems, Inc.), 20 ng/
mL human basic fibroblast growth factor (bFGF) (R&D Systems, Inc.), and
10 μM Y27632 (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan). After 24 h of incubation (day 1), the culturemediumwas changed to
the NPC basal medium with 10 μM CHIR99021 (FUJIFILM Wako Pure
ChemicalCorporation). Every otherday thereafter (days 3 and5), half of the
medium was replaced with NPC basal medium containing 10 μM
CHIR99021 (FUJIFILM Wako Pure Chemical Corporation) and 10 μM
Y27632 (FUJIFILM Wako Pure Chemical Corporation). On day 7, the
mediumwas switched to the NPC basal medium, which was supplemented
with 10 ng/mL human activin A (R&D Systems, Inc.), 5 ng/mL human
Bmp4 (R&D Systems, Inc.), 3 μM CHIR99021, 0.1 μM retinoic acid
(Sigma–Aldrich, MO, USA), and 10 μM Y27632 (FUJIFILM Wako Pure
Chemical Corporation). On day 10, the medium was changed to the NPC
basalmedium,whichwas supplementedwith 1 μMCHIR99021 (FUJIFILM
Wako Pure Chemical Corporation), 5 ng/mL fibroblast growth factor 9
(FGF9) (Abcam plc., Cambridge, United Kingdom), and 10 μM Y27632
(FUJIFILM Wako Pure Chemical Corporation). On day 13, the spheres
were collected for experimental use.

The NPCs used for injection into the fetal mouse kidney were induced
following a previously reported method46.

Cell sorting
For the selection of integrin subunit alpha 8 (ITGA8)-positive NPCs, anti-
Biotin MicroBeads UltraPure (Miltenyi Biotec B.V. & Co. KG, Bergisch
Gladbach, Germany), MS Columns (Miltenyi Biotec B.V. & Co. KG), and a

MiniMACSSeparator (Miltenyi Biotec B.V.&Co.KG)were used according
to the manufacturer’s protocols.

Research animals
The experimentswere conducted in accordancewith theNational Institutes
of Health Guide for the Care and Use of Laboratory Animals. Experiments
involving the collection of fetuses frompregnant pigs were conducted in the
laboratory of IVTeC Co., Ltd. (Tokyo, Japan) with the approval of the
Animal Experiment Ethics Committee of IVTeC Co., Ltd. (approval
numbers: IVT22-191 and IVT23-95). Experiments related to organoids
were conducted in the laboratory of Sumitomo Pharma Co., Ltd. with the
approval of the InstitutionalAnimalCare andUseCommittee of Sumitomo
Pharma Co., Ltd. (approval number: AN14292). Experiments related to
humanized xenogeneic kidneyswere conducted in the laboratory of the Jikei
University School ofMedicinewith the approval of the Institutional Animal
Care and Use Committee of the Jikei University School of Medicine
(approval numbers: 2018-066 and D2021-070). We have complied with all
relevant ethical regulations for animal use. Every effort was made to mini-
mize animal suffering. Pregnant femaleC57BL/6NCrSlcmice onembryonic
day 13.5 were purchased from Japan SLC, Inc. (Shizuoka, Japan). Pregnant
female Microminipigs on embryonic day 30 were purchased from Fuji
Micra, Inc. (Shizuoka, Japan).

Collection and single-cell dissociation of fetal kidneys
Pregnant pigs and mice were subjected to cesarean sections to excise the
uterus. The excised uteri were rinsed with PBS (Thermo Fischer Scientific,
Inc.), after which they were incised with surgical scissors to expose the
fetuses. The fetuses were then separated from the placenta, and transferred
to culture dishes containing PBS. Under microscopic observation, the head
of each fetuswas removed, and further dissectionwas performed to separate
the spinal cord fromthedorsal aspect of the trunk.The exposed fetal kidneys
were grasped with forceps, detached, and subsequently collected into a
1.5mL tube containing a minimum essential medium (MEMa; Thermo
Fisher Scientific, Inc.).

Single cells frompig andmouse fetal kidneyswere obtained following a
previously reportedmethod20,25,47. In brief, the tube containing fetal kidneys
was centrifuged at 700 g for 3min, the supernatant was removed, and 1mL
of accutase (AT104, Innovative Cell Technologies, Inc. CA, USA) was dis-
pensed.The samplewas vortexed and incubated at 37 °C for 5min (repeated
twice), and further manual pipetting and incubation were performed again
for 5min. The cell suspension was then centrifuged at 300 g for 5min to
remove the subsequent accutase supernatant. The pellet was resuspended in
1mL of PBS with 10 μM Y27632 (FUJIFILM Wako Pure Chemical Cor-
poration). In addition, the cells were passed through a 40 μm cell strainer
(Corning Incorporated, NY, USA) to remove clumps of cells and obtain a
single-cell suspension of mouse or pig cells.

Chimeric renal organoids culture
In accordance with the methods described above, ITGA8-positive human
NPCs, as well as dissociated fetalmouse kidney cells or fetal pig kidney cells,
were prepared.

The cell density for all samples was adjusted to 1 × 106 cells/mL in
DMEM/F12 medium (Thermo Fisher Scientific Inc.) with 10% FBS and
10 μM Y27632 (FUJIFILM Wako Pure Chemical Corporation) or NPC
basal medium with 1 μM CHIR99021 (FUJIFILM Wako Pure Chemical
Corporation), 5 ng/mL FGF9 (Abcam plc.), and 10 μMY27632 (FUJIFILM
Wako Pure Chemical Corporation), referred to as “NPC_Re-agg”.

The human-mouse mixture was prepared in a ratio of 1:3, and the
human-pig mixtures were prepared at ratios of 1:1, 2:1, or 3:1, respectively.
The mixtures were seeded into a V-bottomed 96-well low-binding plate
(Sumitomo Bakelite Co., Ltd.) to achieve a total of 2 × 105 cells/well con-
taining 200 µL of culture medium. The 96-well plate was centrifuged at
1000 rpm for 4min and cultured overnight in a 5%CO2 incubator at 37 °C.

The formed mixture aggregates were transferred to the air-liquid
interface and cultured for a maximum of 6 days to promote maturation. As
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the maturation medium, we used DMEM/F12 medium (Thermo Fisher
Scientific Inc.) with 10% FBS, NPC basal medium with 1 μM CHIR99021
(FUJIFILM Wako Pure Chemical Corporation) and 10 ng/mL FGF9
(Abcam plc.), referred to as “NPC_Mat”, or KR5 medium26,27 with 4.5 μM
CHIR99021 (FUJIFILM Wako Pure Chemical Corporation) and 200 ng/
mL bFGF (R&D Systems, Inc.), referred to as “KR5_Mat”. After 48 h of
maturation culture, NPC_Matmediumwithout CHIR99021 andKR5_Mat
medium without CHIR99021 and bFGF were prepared and exchanged.

The samemethod as described above was employed even in the case of
non-chimeric renal organoid cultures.

Injection of human NPCs into the subrenal capsule of fetal mice
Human iPSC-derived NPCs, without cell sorting, were injected under the
capsule of the embryonic kidney according to a previously reported
method17. In detail, C57BL/6NCrSlc mice were euthanized by cervical dis-
location at 13.5 days of gestation. The fetuses were then removed with the
uterus andplaced in a 10-cmdish containingHank’s Balanced Salt Solution.
Thereafter, the fetuses were separated from the uterus and euthanized via
decapitation. First, a cutwasmade along the spinal cord from the base of the
hindlimb of the fetus, and a similar cut was made on the other side to take
out the vertebral column. After the kidneys on both sides of the fetus were
visible, the fetus was fixed with micro-tweezers. Subsequently, progenitor
cells were placed in glass needles. Afterward, the glass needles were inserted
into the renal capsule through the renal hilus under a fluorescent stereo-
microscope (Leica M205FA, Leica Microsystems GmbH, Wetzlar, Ger-
many), and the human NPCs were injected under the renal capsule by
mouth pipetting. The injected kidneys were detached from the fetus and
then transferred to the air-liquid interface for 4 days of in vitro culture. As
the organ culture medium, we used NPC basal medium with 1 μM
CHIR99021, 5 ng/mL FGF9, and 10 μM Y27632, referred to as “NPC_Re-
agg”. After 24 h of culture, NPC_Re-agg medium without Y27632 was
prepared and exchanged.

Frozen section immunostaining
In vitro cultured organoids, fetal mouse kidneys, and fetal pig kidneys were
fixed with 4% paraformaldehyde (FUJIFILM Wako Pure Chemical Cor-
poration) and sectioned with a cryostat (Leica Microsystems GmbH) to
prepare frozen sections. Frozen sections were treated with antigen retrieval
reagent (RM102-H, LSIMedienceCorporation, Tokyo, Japan) at 121 °C for
5min. The primary antibodies used were as follows: anti-Wilms’ tumor-1
(WT1; 1:400; ab89901, Abcam plc./1:100; sc-7385, Santa Cruz Bio-
technology Inc., TX, USA), anti-cytokeratin 8 (CK8 (TROMA-I) ; 1:100,
DSHB, IA, USA), anti-human nuclei (HuNu; 1:100; MAB4383, Merck
Millipore, MA, USA), anti-Ku80 (1:100; 2180S, Cell Signaling Technology,
Inc., MA, USA), anti-lotus tetragonolobus lectin (LTL; 1:500; B-1325,
Vector Laboratories, Inc., CA, USA), anti-E-cadherin-1 (ECAD; 1:500;
610181, BD Biosciences, CA, USA), anti-nephrin (1:500; GP-N2, Vector
Laboratories, Inc.), anti-podocalyxin (PODXL; 1:40;AF1658,R&DSystems,
Inc.), anti-Jagged 1 (JAG1; 1:300; sc-390177, Santa Cruz Biotechnology
Inc.), anti-cadherin 6 (CDH6; 1:50; AF1658, R&D Systems, Inc.), anti-
aquaporin 1 (AQP1; 1:100; ab9566, Abcam plc.), anti-megalin (1:300; sc-
515772, Santa Cruz Biotechnology Inc.), anti-Dolichos biflorus agglutinin
(DBA; 1:500; B-1035, Vector Laboratories, Inc.), and anti-sodium-chloride
cotransporter (NCC; 1:1000; AB3553, Merck Millipore). Nuclear counter-
staining was performed with DAPI (Nacalai Tesque, Inc., Kyoto, Japan).
Stained sections were analyzed with the imaging cytometer, IN Cell Ana-
lyzer 6000 (Cytiva, Tokyo, Japan). Image analyses were performed with the
imaging software, IN Cell Developer Toolbox (Cytiva).

Whole-mount immunostaining
Cultured fetalmousekidneys injectedwithhumanNPCswerefixedwith4%
paraformaldehyde in PBS for 15min at 4 °C and washed three times with
PBS. Samples were blocked using 1% donkey serum, 0.2% skimmed milk,
and 0.3% Triton X/PBS for 1 h at room temperature, and incubated over-
night at 4 °C with primary antibodies. The primary antibodies used were as

follows: anti-cytokeratin 8 (CK8 (TROMA-I); 1:100, DSHB), anti-human
nuclei (HuNu; 1:100; MAB4383, Merck Millipore), and anti-E-cadherin-1
(ECAD; 1:500; 610181, BD Biosciences). After washing three times with
PBS, the samples were incubated with secondary antibodies for 1 h at room
temperature. Samples were mounted with ProLong Gold Antifade Moun-
tant containingDAPI (P36931, Thermo Fisher Scientific Inc.). Each sample
was examined under an LSM880 confocal laser scanning microscope (Carl
Zeiss AG, Baden-Württemberg, Germany).

Measurement of the chimeric rate
Immunostained sections of frozen organoids were captured using a
fluorescence microscope. Chimeric structures were defined as renal
structures with ECAD-positive cells containing Ku80-positive cells and
renal structures with WT1-positive cells containing HuNu- or Ku80-
positive cells. The number of chimeric structures and the total number of
renal structures were quantified. The chimera formation rate was calcu-
lated by dividing the number of chimeric structures by the total number of
renal structures. For chimera rate calculation, three sections from the
central slice of the organoid specimen and two additional sections located
50 µm apart from anterior and posterior directions were used. Three
independent experiments were conducted.

Area-based cell composition analysis
Immunostained sections of frozen organoids were captured using a
fluorescence microscope. Using the IN Cell Developer Toolbox (Cytiva),
the fluorescence intensity of the organoid slice images was used to
calculate the positive areas of ECAD, WT1, CK8, Ku80, and DAPI.
The positive area of eachmarkerwas divided by theDAPI-positive area to
calculate the proportion of each constituent cell type within the organoid.
For cell composition analysis, three sections from the central slice of the
organoid specimen and two additional sections located 50 µm apart from
anterior and posterior directions were used.

The fetal mouse kidneys injected with human NPCs expressing EGFP
were subjected to whole-tissue imaging using the EVOS FL Cell Imaging
System (Thermo Fisher Scientific Inc.) to acquire brightfield and fluores-
cence images. The image analysis software, ImageJ, was utilized to quanti-
tatively determine the total area of the fetal kidneys in the bright-field
images, as well as to quantify the regions of EGFP-positive human NPC in
the fluorescence images.

All analyses were conducted through three independent experiments.

Morphological analysis of organoids
The bright-field images of the organoids were acquired using the EVOS FL
Cell Imaging System (Thermo Fisher Scientific Inc.). The ImageJ analysis
softwarewas utilized toquantitatively determine the area of the organoids in
the bright-field images.

Flow cytometry
Biotinylated anti-ITGA8 (R&D Systems, Inc.), allophycocyanin-labeled
streptavidin (BioLegend, Inc., CA, USA), and phycoerythrin-labeled anti-
platelet-derived growth factor receptor A (PDGFRA) (BioLegend, Inc.)
were used for cell staining. Data were acquired and analyzed using BD
FACSAria IIu (BD Biosciences) and BD FACSDiva software (BD Bios-
ciences), respectively.

Statistics and reproducibility
Statistical analyses were performed with R version 3.6.0 (The R Founda-
tion for Statistical Computing). A two-tailed Student t-testwas carried out
for two-group comparisons, and one-way analysis of variance (ANOVA)
followed by a Tukey test was performed for multiple-group comparisons.
To ensure the reproducibility of the quantitative data, independent
experiments were conducted three times. The screening experiments for
cell culture conditions were conducted once, but after selecting the con-
ditions, independent experiments were performed three times to confirm
their reproducibility.
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data are available from the corresponding authors upon reasonable
request. All reasonable requests will be promptly reviewed by the corre-
sponding authors to determine whether the request is subject to any intel-
lectual property or confidentiality obligations. The source data for the
graphs are available in Supplementary Data 1.
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