
Westerling-Bui et al., Sci. Adv. 8, eabj5633 (2022)     6 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 12

H E A L T H  A N D  M E D I C I N E

Transplanted organoids empower human preclinical 
assessment of drug candidate for the clinic
Amy D. Westerling-Bui1*, Eva Maria Fast1, Thomas W. Soare1†, Srinivasan Venkatachalan1‡, 
Michael DeRan2, Alyssa B. Fanelli1, Sergii Kyrychenko1§, Hien Hoang1‖, Grinal M. Corriea1¶, 
Wei Zhang1#, Maolin Yu1**, Matthew Daniels1††, Goran Malojcic1‡‡, Xin-Ru Pan-Zhou1,  
Mark W. Ledeboer1§§, Jean-Christophe Harmange1‖‖, Maheswarareddy Emani3¶¶,  
Thomas T. Tibbitts1##, John F. Reilly1***, Peter Mundel1*†††§§§

Pharmacodynamic (PD) studies are an essential component of preclinical drug discovery. Current approaches for 
PD studies, including the analysis of novel kidney disease targeting therapeutic agents, are limited to animal 
models with unclear translatability to the human condition. To address this challenge, we developed a novel 
approach for PD studies using transplanted, perfused human kidney organoids. We performed pharmacokinetic 
(PK) studies with GFB-887, an investigational new drug now in phase 2 trials. Orally dosed GFB-887 to athymic rats 
that had undergone organoid transplantation resulted in measurable drug exposure in transplanted organoids. 
We established the efficacy of orally dosed GFB-887 in PD studies, where quantitative analysis showed significant 
protection of kidney filter cells in human organoids and endogenous rat host kidneys. This widely applicable 
approach demonstrates feasibility of using transplanted human organoids in preclinical PD studies with an in-
vestigational new drug, empowering organoids to revolutionize drug discovery.

INTRODUCTION
Despite exciting advances to address unmet medical needs, there 
remains a substantial imperative to discover new treatments for 
many diseases. However, drug development has been hampered by 
the limited predictive power and translatability of pharmacody-
namic (PD) studies in animal models to the human condition. To 
overcome this critical problem, we need a scalable approach for 
preclinical PD studies that includes a human component. The prob-
lem is particularly urgent for kidney diseases, where progress with 
drug development has been slow (1). One in nine people world-
wide suffer from chronic kidney disease (CKD), making it a global 
epidemic affecting more than 850 million people (2).

A new and exciting opportunity for human preclinical drug 
evaluation is induced pluripotent stem cell (iPSC)–derived organoids 
(3), including kidney organoids (4–14). While organoid systems 
can faithfully model three-dimensional human tissues, their appli-
cability to preclinical PD studies to bolster confidence in an 

investigational new drug before it enters phase 1/2 clinical studies 
has remained aspirational. To date, organoids have not been used to 
capture what an intact organism (e.g., mouse, rat, dog, or human) 
does to a drug [pharmacokinetic (PK) evaluation], nor how a drug 
perturbs its target in an intact organism (PD evaluation).

Here, we describe a scalable approach for human preclinical PD 
assessment of drugs targeting podocytes, cells essential to the 
kidney filter barrier (15). Podocyte damage leads to many kidney 
diseases, including focal segmental glomerulosclerosis (FSGS), the 
most common histologic diagnosis associated with CKD worldwide 
(16). We successfully performed PD studies with GFB-887, a novel 
investigational small-molecule transient receptor potential canon-
ical 5 (TRPC5) inhibitor, in human kidney organoids transplanted 
into rats. Orally administered GFB-887 reached human podocytes 
in transplanted organoids at a therapeutically meaningful concentra-
tion (PK study) and engaged its target (TRPC5) to confer therapeu-
tic benefit (PD study). We thus demonstrate how human organoids 
can be used for preclinical PD studies, thereby overcoming the 
limitations of PD studies in traditional animal models.

RESULTS
Generation of kidney organoids suitable for PD studies
To generate high-quality human kidney organoids suitable for PD 
studies at scale, we made several key modifications to published 
protocols (5, 8, 13, 14, 17, 18) (Material and Methods and fig. S1), 
including (i) optimized iPSC seeding on T75 flasks, (ii) cell quanti-
fying in suspension, (iii) reproducibility monitoring of organoid dif-
ferentiation, (iv) optimized timing and density for Transwell dish 
seeding, and (v) refined dissociation for increased cell viability. These 
key modifications allowed us to routinely produce 500 organoids 
per batch with increased reproducibility in a short time frame.

To determine whether the organoids generated with the modified 
protocol were appropriately differentiating in a scalable, reproducible 
manner, we assessed their composition by fluorescence-activated 
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cell sorting (FACS) flow cytometry (fig. S2) and comprehensive 
single-cell RNA sequencing (scRNA-seq) profiling. We clustered 
cells with similar transcriptional profiles and labeled these clusters 
based on expression of previously described marker genes (table S1). 
Since the time period between day 7 (D7) and D15 in vitro is critical 
for kidney organoid differentiation and variability (8), we profiled 
organoids at D0 (iPSC state) and on D7, D10, D12, and D14. We 
also profiled late-stage organoids on D24, D26, and D28. In total, 
we profiled 204,748 single cells from 24 organoids across all time 
points (fig. S1, A and B). iPSCs on D0 maintained a high level of 
pluripotency (figs. S1, B to D, and S3A) and matched published 
transcriptomic signatures (8). On D7, developing organoids ex-
pressed appropriate markers of mesodermal differentiation with 
actively proliferating cells (19) and little variability between replicates 
(figs. S1B and S3B). By D10, nephron progenitor cells appeared, 
which represented most of the cells through D14 (figs. S1B and S3, 
C to E). Of particular interest to our work are podocytes, cells criti-
cal for maintaining the kidney filter barrier (15), and tubular epithe-
lial cells, and we thus focused on signature genes for these cell types 
(figs. S1, B to D, and S3, F to H). Marked differences in cell type 
proportions were observed across time points [mean Jensen-Shannon 
divergence (JSD) = 0.22, SD = 0.27; figs. S1B and S4A], but differ-
ences among replicates were small (mean JSD = 0.0015, SD = 0.0016; 
figs. S1B and S4B). Thus, most of the variations, which became 
apparent at D10, were due to differences between stages of organoid 
differentiation and not due to variability between replicates of 
the same stage. From these results, we concluded that the differen-
tiation of kidney organoids using our novel, scalable protocol is 
highly reproducible.

We went on to validate the scRNA-seq data using a novel 
NanoString gene expression panel for rigorous and rapid organoid 
quality control (QC) (figs. S5 and S6). The NanoString panel made 
it feasible to decide as early as D7 whether the quality of organoid 
batch was sufficient to continue differentiation, or whether the quali-
ty was poor, necessitating that we discard the batch and start a new 
batch (figs. S5 and S6). We also conducted a time course gene 
expression analysis for the pre- and posttransplantation periods 
(fig. S7). The time course analysis allowed us to monitor the quality 
and reproducibility of individual transplanted organoids, which is 
paramount in drug discovery.

Transplantation induces organoid perfusion sufficient 
for oral drug delivery
PD studies require an intact organism with a circulatory system and 
the capacity to metabolize candidate drugs under evaluation, and 
organoids grown in vitro are, by definition, not perfused by a 
systemic circulation. Therefore, we sought to develop a method for 
measuring PD for a given drug in a human organoid transplanted 
into and perfused by the circulation of a host species. Vascularization 
of transplanted kidney organoids has been published (7–9, 20), but 
it remains unclear whether transplanted organoids are also suffi-
ciently perfused so that a drug can reach the organoids at concen-
trations high enough to be efficacious in PD studies. To answer this 
key question, we grew organoids in vitro for 10, 12, or 14 days 
before inserting them under the kidney capsule of athymic rats 
(Fig. 1A). We chose rats as host because rats are most commonly 
used for PD studies. We further grew the organoids for 2 or 4 weeks 
in vivo before harvesting them for scRNA-seq, NanoString, and 
image analysis (Fig. 1A and fig. S7). We profiled 143,475 cells from 

18 transplanted organoids from three staggered batches by scRNA-
seq. The generation of staggered batches allowed us to transplant 
three independent sets of organoids on the same day. Compared to 
in vitro maturation, the fraction of differentiated podocytes and 
tubular epithelial cells increased with in vivo maturation (Fig. 1B). 
A longer period of in vivo maturation resulted in a greater proportion 
of differentiated podocytes (0.097 versus 0.066, P = 0.0035; Fig. 1C) 
and proximal tubular cells (0.21 versus 0.11, P = 0.0032; Fig. 1C). 
There were fewer distal tubular cells at 4 weeks (P = 1.4 × 10−12; 
Fig. 1C), an effect driven by the lack of distal tubule cells at the 
D10–4-week time point. When comparing 2 weeks versus 4 weeks 
of in vivo maturation, we noted a trend toward more off-target cell 
types in the 4-week transplanted organoids (0.063 versus 0.022, 
P = 0.15; Fig. 1C). Differences between time points were observed 
between transplantation days (mean JSD  =  0.099, SD  =  0.050; 
Fig.  1C and fig. S8A) and between weeks of in  vivo maturation 
(mean JSD = 0.081, SD = 0.062; Fig. 1D and fig. S8B). To under-
stand the differentiation state of cells within clusters, we performed 
trajectory analysis of podocytes and nephron progenitor cells from 
our organoids with fetal and adult human kidney (21–23) as an end 
point. Comparing mean pseudotime of different transplantation 
time points to human fetal and adult podocytes allowed us to 
evaluate how transcriptionally similar our organoid podocytes are to 
the human gold standard. Our trajectory analysis showed that human 
samples are associated with higher mean pseudotime (Fig. 1D). We 
thus inferred that organoid-derived podocytes with higher mean 
pseudotime are more similar to human kidney–derived cells. Podo-
cytes from organoids harvested 4 weeks after transplantation had a 
significantly increased mean pseudotime (mean pseudotime = 18, 
SD = 5.6) compared to podocytes 2 weeks after transplantation for 
all time points (mean pseudotime = 16, SD = 6.4, P = 1.5 × 10−30, 
t test two-sided; Fig. 1D and fig. S9, A to D). Furthermore, pseudo-
time of organoids was highest when transplanted at D14 (mean 
pseudotime = 21, SD = 3.7, Tukey P < 10−7) when compared within 
a transplanted group (2 or 4 weeks). Within the distal tubular cell 
cluster, we observed a small population of cells expressing signifi-
cantly greater levels of AQP2, CALB1, CDH1, and KRT8, markers of 
collecting duct cells (fig. S10, A to C) (8). A trajectory analysis using 
distal tubular and collecting duct cells from human samples revealed 
no clear transition between these two cell types (fig. S10, D to F), 
consistent with previous findings (24), indicating a different devel-
opmental origin of the collecting duct and the remainder of the kidney. 
Our data therefore indicate that using our protocol, in vivo matura-
tion only promotes further differentiation of cell fates that already 
exist before transplantation and does not give rise to the new cell fates. 
In keeping with previous studies (7–9, 20), the transplanted organoids 
underwent successful vascularization by the host, as indicated by the 
predominant presence of rat endothelial cell antigen 1 (RECA-1)–
expressing rat endothelial cells in organoid tissue (Fig. 1E and fig. 
S11A). We also detected CD31/platelet and endothelial cell adhe-
sion molecule 1 (PECAM1)-expressing human endothelial cells in 
organoid tissue (Fig. 1F and fig. S11A). The up-regulation of CD31/
PECAM1 expression in transplanted organoids was verified by 
NanoString analysis, and the highest levels of CD31/PECAM1 mRNA 
expression were found in D14 organoids grown in vivo for 4 weeks 
(fig. S11B). We also confirmed AQP2 mRNA up-regulation by 
NanoString analysis (fig. S11C). Together, transplantation of D14 
organoids and further in vivo growth for 4 weeks were best for 
organoid vascularization and podocyte maturation.
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Fig. 1. Transplantation of human kidney organoids in rats promotes vascularization by the rat host systemic circulation. (A) Schematic of organoid protocol with 
transplantation and scRNA-seq time points. (B) Stacked bar graph showing cell type proportions of in vivo maturation across six time points (three replicate organoids per 
time point, 143,475 cells). All replicates for each time point are biological replicates of a single differentiation. The replicates show an increase in podocytes, tubular cells, 
endothelial cells, and off-target cell types after a prolonged in vivo maturation period. (C) Averaged cell type proportions after 2 weeks (light gray) and 4 weeks (dark gray) 
of in vivo maturation. Differences between cell type proportions tested with Dirichlet regression with significantly different comparisons are marked with one asterisk 
(P < 0.05) or two asterisks (P < 0.001). Error bars represent +SEM. (D) Boxplots [representing interquartile range (IQR) and median and with whiskers extending to 
±1.5× IQR] of pseudotime, a measure of maturation inferred by a trajectory analysis, for podocytes from human samples (gray, 563 cells) and transplanted organoids 
(red, 10,753 cells). Podocytes from organoids harvested 4 weeks posttransplant had significantly increased pseudotime compared to podocytes from 2 weeks posttransplant 
organoids for all time points (P = 1.5 × 10−30). (E) High-power view showing RECA-1–expressing rat endothelium–derived vascularization of a human organoid 
glomerulus. Red, RECA-1; green, synaptopodin; blue, nephrin. (F) Transplanted organoids develop a vascular network containing CD31/PECAM1-expressing human 
endothelial cells (top). A higher-magnification image shows CD31/PECAM1-positive human endothelial cells invaginating into a human organoid glomerulus (bottom). 
Red, RECA-1; green, CD31/PECAM1.
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Evaluation of drugs on organoids grown at scale
We next tested the performance of in vitro grown organoids in a 
head-to-head comparison between the calcineurin inhibitor cyclo-
sporine A (CsA), which is clinically used to treat patients with kidney 
diseases (25), and GFB-887, one of several novel small-molecule 
inhibitors of TRPC5 channels (26). Whole-cell patch clamp electro-
physiology in human embryonic kidney (HEK) 293 cells expressing 
human TRPC5 showed GFB-887–mediated inhibition of TRPC5 
current (Fig.  2A) The previously described TRPC5 inhibitor tool 
compound ML204 (27) served as positive control. The median 
inhibitory concentration of GFB-887 was 0.037 M (Fig. 2B). By 
scRNA-seq, we detected a few cells in kidney organoids that expressed 
TRPC5 mRNA. Before embarking on functional studies, we con-
firmed the expression of TRPC5 in the organoids using the more 
sensitive NanoString approach. We detected a time-dependent 
increased expression of TRPC5 mRNA expression during organoid 
differentiation with highest TRPC5 mRNA levels detectable in D40 
to D45 organoids (Fig. 2C). The presence of TRPC5 protein in the 
organoids was further confirmed by double-labeling immuno-
fluorescence microscopy with the podocyte differentiation marker 
synaptopodin (Fig. 2D and fig. S12) (28, 29).

FSGS is a disorder of podocytes with high likelihood of progression 
to kidney failure (15, 16, 30). In animal models of FSGS, inhibition of 
TRPC5 channels with tool compounds protects against Rac1-driven 
proteinuria and podocyte loss (26, 31). Here, we chose the protamine 
sulfate (PS) model of reversible podocyte injury because (i) it has 
been widely used in rats (32, 33), (ii) PS activates TRPC5 channels 
(34), and (iii) TRPC5 gene deletion or inhibition with a TRPC5 
inhibitor tool compound protects against PS-induced podocyte 
injury (34). We compared the protective effects of CsA and GFB-887 
on PS-induced, TRPC5-calcineurin-synaptopodin-Rac1 dysregulated 
podocyte actin dynamics (27, 34–37). The regulation of synaptopo-
din protein abundance is a key PD marker of podocyte dysfunction 
and injury in FSGS. This has been previously established by reveal-
ing that the antiproteinuric effect of CsA, a drug used to treat 
patients with FSGS, preserves the expression and function of synap-
topodin in podocytes (25, 35, 36). The relevance of synaptopodin 
for proteinuria and FSGS (36) (and thus the validity of synaptopodin 
as a PD marker and PS-induced actin cytoskeleton rearrangement 
as an acute injury model for podocyte injury in FSGS) has been 
further validated in a recent study (38). Similar to podocytes in vitro 
(34, 35), PS induced Rac1-driven actin aggregation, resulting in 
increased phalloidin labeling in organoid podocytes. Both CsA and 
GFB-887 protected from PS-driven actin aggregation (Fig. 2E). We 
quantified the changes in phalloidin labeling (Fig.  2E, blue ring), 
and, in keeping with the observation that TRPC5 is the ion channel 
required for calcineurin activation in podocytes (27), we found 
comparable protection by CsA and GFB-887 (Fig. 2F). Since there 
was no additive effect, we concluded that both compounds block 
the activation of calcineurin (Fig. 2G).

PD studies in transplanted kidney organoids bolster 
confidence in GFB-887, an investigational new drug
Having established the in vitro efficacy of GFB-887 in organoids 
produced by our scalable, quality-controlled protocol, we were poised 
to conduct the long-sought PD studies with transplanted human 
organoids. We used rats carrying transplanted kidney organoids to 
evaluate the effect of GFB-887 on human podocyte injury in vivo. 
We found that oral dosing of GFB-887 (10 mg/kg) to athymic rats 

with transplanted D14 organoids for 2 or 4 weeks resulted in 
measurable drug exposure in rat plasma and rat kidneys and in the 
transplanted human organoids (PK study; Fig. 3A). Specifically, 
we quantified drug exposure in human organoids compared to rat 
plasma and rat kidney tissue and found that GFB-887 orally dosed 
or three consecutive days before sample collection resulted in 
equivalent drug exposure in human organoids compared to rat 
plasma (Fig. 3A). Quantitative whole-body autoradiography showed 
GFB-887 accumulation in several tissues including the liver, adrenal 
gland, pancreas, and kidney. Tissue accumulation is a normal 
phenomenon for small-molecule therapies, which commonly dis-
tribute differentially to tissues at higher levels than plasma. For 
GFB-887, kidney concentrations were typically two- to threefold 
higher than plasma concentrations (Fig. 3A).

Last, we used rats carrying transplanted D14 organoids for 4 weeks, 
which develop podocytes that are transcriptionally most similar to 
human podocytes (Figs.  1B and 3,  A  to  D) to assess PS-induced 
podocyte injury in the organoids in comparison with endogenous 
rat kidneys. The transmission electron microscopic validation of 
the link between PS-induced TRPC5 activation, degradation of 
synaptopodin, and podocyte foot process effacement, the hallmark 
of PS-induced podocyte injury (32, 33), has been published before 
(34). Historically, the readout of PS studies had been transmission 
electron microscopy analysis of kidney tissue (32–34), which is 
labor intensive and time consuming and thus not feasible in a drug 
discovery setting. Therefore, we developed a novel high-throughput 
approach for the quantification of PS-induced loss of synaptopodin 
protein abundance (34–36) that combines fluorescence and super-
resolution microscopy (39). This novel approach, described in 
detail in Materials and Methods, takes advantage of the mechanistic 
link between PS-induced podocyte foot process effacement, activa-
tion of TRPC5, and loss of synaptopodin protein abundance (34, 37) 
as a PD readout of TRPC5 target engagement. We found that PS 
caused a marked reduction in synaptopodin protein abundance in 
rat kidney and human organoids (Fig. 3B). The quantitative analysis 
showed that either coperfusion of GFB-887 (3 M) with PS or oral 
dosing of GFB-887 (10 mg/kg) before PS perfusion preserved the 
abundance of synaptopodin in organoids (PD study; Fig. 3C). Com-
parable preservation of synaptopodin abundance was noted in 
podocytes of host rat kidneys (Fig. 3D). Collectively, these data 
show that the inhibition of TRPC5 channels by GFB-887 effectively 
protects podocytes not only in rat kidneys but also in transplanted 
human kidney organoids, bolstering our confidence in the potential 
therapeutic efficacy of this investigational new drug in patients.

DISCUSSION
In this study, we pioneered a novel approach for in vivo PD studies 
using transplanted human kidney organoids. In a novel, rigorously 
quality-controlled system, we established preclinical human efficacy 
for GFB-887, an investigational new drug now being tested in the 
clinic (NCT04387448).

This preclinical study with transplanted human organoids has 
led to several important insights. First, before embarking on PD 
studies, we established the optimal time frame for organoid trans-
plantation to achieve a high degree of organoid maturation, vasculariza-
tion, and perfusion. These insights ensured that the transplanted 
organoids developed a vasculature sufficiently perfused to allow the 
delivery of a drug to the organoids at concentrations high enough 



Westerling-Bui et al., Sci. Adv. 8, eabj5633 (2022)     6 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 12

A

B

C

E

F

D

G
PS

TRPC5 activation

Calcineurin activation

Synaptopodin degradation

Rac1 activation

Podocyte injury

GFB-887

CsA

Ca2+

D
0

D
7

D
10

D
12

D
14

D
24

D
26

D
28

D
38

D
40

D
42

D
45

0

5

10

15

20

TRPC5

m
R

N
A

co
u

n
ts

, B
L

O
Q

D
M

S
O P
S

C
sA

+
P

S

G
F

B
-8

87
+

P
S

G
F

B
-8

87
+

C
sA

+
P

S

0

50

100

150

A
g

g
re

g
at

ed
ac

ti
n

p
er

 o
rg

an
o

id
 (

A
.U

.)

****
*

***

0.01 0.1 1

0

50

100

GFB-887 (µM)

%
In

h
ib

it
io

n

IC50 = 37 nM

Fig. 2. In vitro drug evaluation in human kidney organoids. (A) Current-voltage relationship, 500-ms voltage ramp from −80 mV to +80 mV before/after GFB-887 
(0.1 M) or ML204 (100 M). (B) Concentration-dependent inhibition of human TRPC5 after GFB-887 at +80 mV. Means ± SEM (n = 3 to 4 measurements per concentration). 
IC50, median inhibitory concentration. (C) Up-regulation of human TRPC5 mRNA expression during organoid differentiation in vitro. Error bars, SD. BLOQ, below limit of 
quantitation. (D) Double labeling of podocytes with synaptopodin (SYNPO, green) and TRPC5 (red). (E) CsA and GFB-887 protect podocytes from PS-induced injury, 
region of interest in blue. Inset: Scale of representative images for injury quantification (top left). Representative images of glomeruli for podocyte injury quantification in 
organoids treated with DMSO (vehicle), PS, PS + CsA, PS + GFB-887, or PS + CsA + GFB-887. Cyan, synaptopodin; red, phalloidin. (F) Quantification of PS-induced actin 
aggregation. GFB-887 and CsA are nonadditive. DMSO versus PS, P < 0.0001; PS + CsA versus PS, P = 0.0021; PS + GFB-887 versus PS, P = 0.0087; PS + CsA + GFB-887 versus 
PS, P = 0.0397. A.U., arbitrary units. Means ± SEM. (G) Mechanism of action of GFB-887. PS drives TRPC5 activity, which induces Ca2+-mediated activation of calcineurin, 
promoting synaptopodin degradation and subsequent Rac1 activation. Rac1 promotes TRPC5 activity, establishing a vicious cycle that is blocked by GFB-887 or CsA.
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Fig. 3. PD studies in rats with transplanted human kidney organoids bolster confidence in GFB-887, an investigational new drug. (A) Organoids differentiated for 
14 days in vitro were transplanted under the kidney capsule of athymic male rats and followed for 2 (left) or 4 (right) weeks before oral dosing with GFB-887 (10 mg/kg) 
for three consecutive days. Extracted organoid and kidney samples were normalized to sample weights, and the final drug values were calculated as nanograms per gram 
tissue; nanograms per milliliter refers to GFB-887 concentration per milliliter of plasma. Oral dosing of GFB-887 resulted in equivalent drug exposure in organoids and rat 
plasma, thereby showing that the organoids had functional connectivity to the host vasculature at 2 weeks after transplantation. Organoid GFB-887 levels did not further 
increase at 4 weeks after transplantation. Data show means ± SEM from at least four independent measurements. (B) Superresolution imaging reveals PS-induced loss of 
synaptopodin protein abundance in transplanted organoids, which was prevented by oral dosing of GFB-887; blue, nuclei; green, synaptopodin; red, RECA-1; HBSS, 
Hank’s balanced salt solution vehicle control. (C) Quantification of PS-induced podocyte injury and protection by GFB-887 in transplanted organoids. (D) Quantification 
of PS-induced podocyte injury and protection by GFB-887 in endogenous rat kidney adjacent to transplanted organoids. For both (C) and (D), synaptopodin mean inten-
sity in podocytes was quantified for HBSS vehicle, PS, coperfusion PS + GFB-887, or PS perfusion after oral dosing of GFB-887. Data show means ± SEM; for all treatment 
conditions versus PS, P < 0.0001; ordinary one-way analysis of variance (ANOVA). ****P < 0.0001.
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for PD studies. We found that transplantation of organoids grown 
in vitro for 14 days and further grown in vivo for 4 weeks was best 
for organoid vascularization/perfusion (and podocyte differentiation).

The PD studies in rats carrying transplanted organoids provide 
unprecedented preclinical confidence in the human relevance of 
specific targets and compounds, marking a substantial advance that 
overcomes previous limitations of animal models. Specifically, our 
PD work showed that orally dosed GFB-887 protects human podo-
cytes in transplanted organoids fed by a vasculature functionally 
connected to the rat host circulation, bolstering our confidence in 
this program as it advances in the clinic.

We confirmed published scRNA-seq data (8, 11–13) and further 
validated them by NanoString analysis as an inexpensive tool for 
rapid organoid quality control in a drug discovery setting, affording 
close to real-time decision-making about whether to transplant 
organoids. Hence, NanoString organoid profiling offers a clear 
advantage compared to flow cytometry because of enhanced speed, 
ability to multiplex 200+ genes, reduced cost, and high reproducibility. 
Together, NanoString-based quality control proved to be essential for 
our ability to conduct in vivo PD studies in human tissue, a substan-
tial innovation for biotechnology and drug discovery.

The podocyte protective effect of TRPC5 inhibition has been 
well documented before in cell culture studies and multiple animal 
models of proteinuria and FSGS using several structurally unrelated 
tool compounds, including ML204 (27, 34), AC1903 (31), and 
GFB-8438 (26). The main purpose of the current study was the 
investigation of a novel compound, GFB-887, which is now tested 
in the clinic, and to establish the human relevance of TRPC5 inhibi-
tion. As the results in the translated organoids align well with the 
results in endogenous rat kidneys (Fig. 3), for the purposes of this 
study, the use of a single iPSC line turned out to be an excellent tool 
that was developed to drive this point. Notably, independent valida-
tion of the benefit of TRPC5 inhibition in organoids using the 
TRPC5-selective tool compound AC1903 (31) has recently been 
published (40). In the latter study, the inhibition of TRPC5 channels 
reversed the effects of puromycin aminonucleoside–induced injury 
in human podocytes and kidney organoids. These results further 
support the potential of this therapeutic strategy for patients (40).

The overarching key goal of our work was to establish the 
preclinical human disease relevance of a novel drug target, TRPC5, 
before its evaluation in patients with TRPC5/Rac1-mediated FSGS 
in a phase 2 clinical trial. Accordingly, a recently released interim 
analysis of phase 2 trial data of GFB-887  in FSGS provides the 
strongest validation to date for our preclinical experimental approach. 
These positive preliminary results of the ongoing phase 2 trial showed 
that patients treated with GFB-887 experienced a statistically signifi-
cant and clinically meaningful 32% placebo-adjusted mean reduc-
tion in UPCR (urinary protein–to–creatinine ratio), a measure of 
proteinuria, at the end of 12 weeks of treatment (P = 0.04). Nine of 
the 10 evaluable GFB-887–treated patients (90%) experienced a 
reduction in UPCR; four of seven patients treated with placebo had 
an increase in UPCR (57%). In a subset of patients identified by a 
threshold reduction in a TRPC5-Rac1 pathway biomarker, urinary 
Rac1, at week 2 of treatment, patients treated with GFB-887 showed 
a 48% placebo-adjusted mean reduction in UPCR at the end of the 
12-week treatment period (www.goldfinchbio.com/news-features/
goldfinch-bio-announces-positive-preliminary-data-from-phase-2-
clinical-trial-evaluating-gfb-887-as-a-precision-medicine-for-patients-
with-focal-segmental-glomerular-sclerosis-fsgs/).

In conclusion, the most compelling aspect of our study is estab-
lishing the human relevance of an investigational new drug by 
performing PD studies in human kidney organoids transplanted 
into a rat host. More broadly, we show that PD studies using trans-
planted organoids are not only feasible but also meaningful and 
valuable for the assessment of the PD efficacy of a novel therapeutic 
candidate before going into expensive and time-consuming clinical 
trials. Our data support the idea that, if properly maintained and 
quality controlled, then human iPSC–derived organoid systems are 
likely to become an integral component of drug discovery programs 
in several tissues and organs, including, for example, the kidney, 
gut, eye, or brain. We are therefore at the dawn of a new era in drug 
discovery, where confidence in bringing novel drugs to the clinic 
may be derived, at least, in part, from establishing preclinical efficacy 
in transplanted human organoids.

MATERIALS AND METHODS
Maintenance of human iPSCs
In accordance with International Society for Stem Cell Research 
(ISSCR) guidelines, commercially approved and available human 
iPSCs (Gibco Episomal hiPSC line; part number: A18944; lot number: 
1992258; passage: P35E8P15; Thermo Fisher Scientific, Waltham, MA) 
were maintained according to standard practice and cell culture on 
human embryonic stem cell (hESC)–qualified Matrigel (Corning, 
Corning, NY)–coated T25 flasks in mTeSR1 medium (STEMCELL 
Technologies, Vancouver, Canada) and passaged at 80 to 85% 
confluency using Gentle Cell Dissociation Reagent (STEMCELL 
Technologies). For evaluation of pluripotency by flow cytometry, 
iPSCs were dissociated with Accutase (STEMCELL Technologies), 
washed with Dulbecco's phosphate-buffered saline DPBS, fixed in 
4% paraformaldelhyde (PFA) for 20 min at room temperature (RT), 
and rinsed with DPBS. The cells were incubated for 1 hour in a 
blocking buffer [DPBS containing 0.3% Triton X-100, 1% bovine 
serum albumin (BSA), and 5% donkey serum] and for 1 hour at 4°C 
with a combination of conjugated antibodies to surface proteins 
TRA-1-60 (STEMCELL Technologies, 60064PE) and TRA-1-81 
(STEMCELL Technologies, 60065AZ), key transcription factors 
OCT3/4 (Santa Cruz Biotechnology, sc-5279) and NANOG (Thermo 
Fisher Scientific, 53-5761-80), and a negative surface marker SSEA1 
(STEMCELL Technologies, 60060PE). Cells were washed with DPBS 
followed by data acquisition on a SONY SH800 flow cytometer. 
In accordance with ISSCR guidelines, commercially approved and 
available human iPSCs and derivations were banked after being 
assigned unique identifiers to deposits, characterized, tested for human 
pathogen, expanded, or maintained following quality assurance and 
quality control of all procedures in preparation for experimental 
application.

High-throughput kidney organoid generation
For the development of a reproducible scalable protocol, we introduced 
several key modifications to published protocols (5, 8, 13, 14, 17, 18). 
We started by dispersing iPSCs reaching 80 to 85% confluency into 
single-cell suspensions using Accutase and seeding 275,000 cells per 
flask in hESC-qualified, Matrigel-coated T75 flasks with TeSR1 
media and Y-27632 (Tocris 1254, Bristol, United Kingdom). On the 
next day, the medium was changed to STEMdiff APEL 2 (STEMCELL 
Technologies) supplemented with 10 M CHIR99021 (Tocris 4423). 
After 48 hours, the medium was changed to STEMdiff APEL 2 

http://www.goldfinchbio.com/news-features/goldfinch-bio-announces-positive-preliminary-data-from-phase-2-clinical-trial-evaluating-gfb-887-as-a-precision-medicine-for-patients-with-focal-segmental-glomerular-sclerosis-fsgs/
http://www.goldfinchbio.com/news-features/goldfinch-bio-announces-positive-preliminary-data-from-phase-2-clinical-trial-evaluating-gfb-887-as-a-precision-medicine-for-patients-with-focal-segmental-glomerular-sclerosis-fsgs/
http://www.goldfinchbio.com/news-features/goldfinch-bio-announces-positive-preliminary-data-from-phase-2-clinical-trial-evaluating-gfb-887-as-a-precision-medicine-for-patients-with-focal-segmental-glomerular-sclerosis-fsgs/
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supplemented with 8 M CHIR99021. Subsequently, the medium 
was switched to STEMdiff APEL 2 with FGF9 (200 ng/ml; R&D 
Systems, Minneapolis, MN) and heparin (1 g/ml; STEMCELL 
Technologies) and changed every other day. On D7, cells were passaged 
using Accutase and pelleted by centrifugation at 500,000 cells per 
pellet. The pellets were placed on Transwell plates, and STEMdiff 
APEL 2 supplemented with 5 M CHIR99021 was added for 1 hour 
before changing to STEMdiff APEL 2 with FGF9 (200 ng/ml) and 
heparin (1 g/ml). Medium was changed every other day for the 
next 4 days using STEMdiff APEL 2 containing FGF9 (200 ng/ml) and 
heparin (1 g/ml). On D13, the medium was switched to STEMdiff 
APEL 2 with heparin (1 g/ml). Thereafter, organoids were grown 
in STEMdiff APEL 2, and medium was changed every other day.

Organoid transplantation
Organoids differentiated in vitro as described above were trans-
planted into 3- to 4-week-old athymic male nude rats (Crl:NIH-Foxn1rnu; 
Charles River Laboratories, Wilmington, MA) weighing approxi-
mately 100 g each, acclimated for at least 3 days in conventional 
cage setting with rodent diet 5053 and ad libitum water at Biomere 
Research test facility (Worcester, MA) in accordance with an approved 
Institutional Animal Care and Use Committee (IACUC) study 
protocol. Forty-five rats were divided into three experimental groups 
(D10, D12, and D14 differentiated) and anesthetized with ketamine/
dexdomitor before surgery. The kidneys were exposed by an inci-
sion in the abdominal wall. After creating an incision in the kidney 
capsule, a small niche was created under the kidney capsule to host 
the organoids. Organoids grown for 10, 12, or 14 days in vitro were 
aspirated into the tip of an 18- to 24-gauge catheter (Instech Labo-
ratories, Plymouth, PA) and placed into the niche, the abdominal 
wall and skin were closed, and the animals were allowed to recover 
and followed up with routine cage side observations for general 
health. To facilitate postsurgical recovery, an antibiotic (cephazolin) 
and an analgesic (buprenorphine sustained-release) were admin-
istered at the end of the procedure. At 2 or 4 weeks after transplan-
tation, six to eight rats per experimental group were euthanized 
under CO2, as per the IACUC-approved study protocol, and kid-
neys exposed by an incision in the abdominal wall and organoids 
(n ≥ 3) were harvested for scRNA-seq and NanoString mRNA anal-
ysis as well as analysis of graft tissue vascularization. Organoid 
differentiation was also evaluated at the protein level by flow cy-
tometry analysis of two podocyte surface proteins, nephrin (41) and 
podocalyxin (42). Cells from dissociated organoids were washed 
with DPBS, blocked in 1% mouse serum for 30 min at 4°C, incubated 
with anti-nephrin primary antibody (R&D Systems, AF4269) and 
allophycocyanin (APC)–conjugated anti-podocalyxin antibodies (R&D 
Systems, FAB1658A), and diluted in sorting buffer [Hanks’ balanced 
salt solution (HBSS) containing 1% BSA and 0.035% NaHCO3]. The 
cells were further incubated for 10 min in Alexa Fluor 488–conjugated 
donkey anti-sheep immunoglobulin G (IgG) (H+L) antibody (Thermo 
Fisher Scientific, A-11015), washed, and resuspended in sorting buffer. 
Unstained cells were used to establish background fluorescence. Data 
acquisition and analysis were performed on a SONY SH800 flow 
cytometer. Mean fluorescence in live cells was determined for each 
sample and is presented after subtraction of background fluorescence.

FACS flow cytometry
Cells were harvested, fixed, blocked, stained for FACS flow cytometry. 
For human iPSCs, D0 and D7 cell harvesting, mTeSR basal media 

was aspirated from the T25 flask, and cells were washed with 3 ml of 
1× DPBS. DPBS (1×) was aspirated, and then 2 ml of undiluted Ac-
cutase, warmed to the RT, was added. Accutase was incubated for 
5 min at 37°C. Five milliliters of cold 1× DPBS was added. A P1000 
was used to gently pipet up and down to break up cell aggregates 
and remove cells from the flask. The cell suspension was transferred 
into a 15-ml conical tube and centrifuged for 4 min at 600g at RT. The 
supernatant was carefully aspirated. For fixation and blocking, cells 
were resuspended in 1 ml of 4% PFA and incubated for 20 min at 
RT. Cells were centrifuged for 4 min at 600g at RT, and then fixative 
was aspirated. The cell pellet was resuspended in 5 ml of 1× DPBS 
and then centrifuged again for 4 min at 600g at RT before the super-
natant was removed. The cell pellet was resuspended in 2 ml of 1× 
DPBS and stored at 4°C until ready for immunostaining. Samples 
were stored at 4°C for 7 to 10 days maximally. To prepare for staining, 
the cell pellet was resuspended in 2 ml of blocking buffer and incu-
bated for 30  min on ice. For staining, an aliquot of 150,000 to 
250,000 cells was resuspended and placed in a separate Eppendorf 
tube and centrifuged for 4  min at 600g, the supernatant was re-
moved, and the pellet was resuspended in 1× DPBS and stored on 
ice as a negative (nonstained) control. The rest of the cells were 
divided into three 1.5 Eppendorf tubes, one for each antibody set. 
Cells were then centrifuged for 4 min at 600g, and the supernatant 
was carefully aspirated and resuspended in 200 l of primary anti-
bodies cocktail. Anti-human TRA-1-60 (STEMCELL Technologies, 
60064PE), anti-human TRA-1-81 (STEMCELL Technologies, 60060PE), 
anti-mouse SSEA-1 (CD15) (STEMCELL Technologies, 60060PE), 
anti–Oct-3/4 antibody (C-10) Alexa Fluor 647 (Santa Cruz Biotech-
nology, sc-5279 AF647), anti-NANOG monoclonal Alexa Fluor 488 
(Thermo Fisher Scientific, 53-5761-80) antibodies were used at 
1:100 dilution. After the cells were incubated for 30 to 60 min on ice 
with a foil covering to protect samples from the light, they were 
centrifuged for 4 min at 600g at RT. The supernatant was aspirated, 
resuspended in 1 ml of 1× DPBS, centrifuged for 4 min at 600g, and 
aspirated again until it, lastly, resuspended in a final volume of 
250 l of 1× DPBS. Data were acquired using the SONY SH800 
cell sorter.

In vitro organoids D10 and above were rinsed with DPBS, 
collected into 1.5-ml conical tube containing 500 ml of TrypLE 
Select and incubated for 5 min at 37°C, passed three to four times 
through a 27-gauge needle, and incubated for 5 min at 37°C after 
adding an additional 500 ml of TrypLE Select. Organoids were 
dissociated into single-cell suspensions by passing three to four times 
through a 30-gauge needle, followed by centrifugation at 600g for 
5 min. Supernatants were discarded, and cell pellets were resus-
pended in DPBS and filtered through a 40-mm cell strainer. Flow 
cytometry QC was conducted on all samples submitted for scRNA-seq. 
During blocking, dissociated cells were washed with 1× DPBS, cen-
trifuged for 4 min at 600g at RT, then resuspended in normal mouse 
serum, and diluted in 1× DPBS (1:20) for 30 min on ice. The cell 
suspension was centrifuged for 4 min at 600g at RT, and the super-
natant was removed. The cell pellet was resuspended in 2 ml of 1× 
DPBS and stored at 4°C until ready for immunostaining. During 
staining, an aliquot of 150,000 to 250,000 cells was placed in a separate 
Eppendorf tube and centrifuged for 4 min at 600g at 4°C, and then 
the supernatant was removed. These cells were then resuspended 
in 1× DPBS and left on ice as a negative (nonstained) control. The 
supernatant of cells from organoids was resuspended in SONY sort-
ing buffer with diluted secondary antibodies. Anti-human nephrin 
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(R&D Systems, AF4269) and anti-human podocalyxin APC-conjugated 
(R&D Systems, FAB1658A) antibodies were used at 1:100 dilution. 
Cell samples were incubated with antibodies on ice for 30  min. 
Next, samples were centrifuged for 4 min at 600g at RT. The super-
natant was aspirated and resuspended in a sorting buffer with diluted 
secondary antibodies. Donkey anti-sheep IgG (H+L) Alexa Fluor 
488 (Invitrogen, A-11015) was used at 1:300. Cell samples incubated 
with antibodies were protected from the light with foil and incubated 
on ice for 30 min. Samples were then centrifuged for 4 min at 600g, 
the supernatant was aspirated, and cells were washed with 500 l of 
sorting buffer. All cell pellets were resuspended in a final volume 
of 250 ml of 1× DPBS. Data were acquired using SONY SH800.

Gene expression analysis by scRNA-seq
Organoids were rinsed with DPBS, collected into a 1.5-ml conical 
tube containing 500 ml of TrypLE Select and incubated for 5 min at 
37°C, passed three to four times through a 27-gauge needle, and 
incubated for 5 min at 37°C after adding an additional 500 l of 
TrypLE Select. Organoids were dissociated into single-cell suspen-
sions by passing three to four times through a 30-gauge needle, 
followed by centrifugation at 600g for 5 min. Supernatants were dis-
carded, and cell pellets were resuspended in DPBS and filtered 
through a 40-m cell strainer. Cell numbers were quantified on a 
Cellometer cell counter and adjusted to 1000 cells/l in DPBS. The 
cells were placed on ice, transferred to the RNA-seq facility, intro-
duced to droplet-based (10×) lysis and amplification, and sequenced 
on Illumina HiSeq 2500. For data obtained from in vitro organoids, 
sequences were aligned to human reference (GRCh38) and, for cells 
from transplanted organoids, to combined human and rat reference 
(Rnor 6.0) genomes. Demultiplexing, alignment, and estimation 
of cell-containing partitions and associated unique molecular iden-
tifiers were performed using Cell Ranger version 3.0.2. Replicates 
within time points were grouped, and a preliminary unbiased clus-
tering analysis was performed on the top 50 principal components 
(PCs) of gene expression. Cells with high ribosomal gene content 
and low read count were considered poor-quality cells and excluded 
from further analyses. The remaining cells were filtered by the number 
of recovered genes and mitochondrial gene content. In total, high-
quality libraries were generated for 348,223 cells that had passed 
QC. To infer cell type populations within each time point and con-
dition, we used unbiased clustering of the top 50 PCs of residual 
gene expression after regressing out replicate, total gene count, mi-
tochondrial gene content, and cell cycle score. We assigned cell type 
labels based on up-regulation of marker genes in the focal cluster as 
determined by a Wilcoxon rank sum test in Seurat 3.1  in R 3.6.1 
(43). Divergences of cluster proportions and replicates were com-
pared with JSD indices (8). The JSD is an entropy-based measure-
ment of similarity between two samples bound between 0 (more 
similar) and 1 (more divergent). Cell type proportions were further 
tested across conditions using Dirichlet regression (44). For each 
comparison, the proportions of all other cell subsets were used as 
covariates. To compare podocyte maturation across time points and 
to data from fetal and adult human kidney samples (22, 45), we per-
formed a trajectory analysis using the top 1000 differentially ex-
pressed genes between the podocyte and nephron progenitor cell 
type clusters in Monocle 2 in R 3.6.1 (46). We reconstructed a 
trajectory of differentiation in pseudotime using the DDRTree algo-
rithm implemented in Monocle 2 and compared pseudotime across 
conditions with a (two-sided) t test for comparing aggregated data 

by weeks and a post hoc Tukey testing of all pairwise comparisons 
of the individual time points (47). To compare the subpopulation of 
collecting duct-like cells to the distal tubular cells, we repeated the 
trajectory analysis as described above for these two subpopulations. 
Each measurement was taken from distinct samples (no repeat mea-
surements on the same sample within a distinct analysis).

RNA extraction and quantification
Total RNA was extracted from organoids or dissociated organoid 
single-cell populations using the PureLink RNA Mini Kit (Life 
Technologies, Carlsbad, CA) following the manufacturer’s in-
structions. Lysis buffer (200 ml) was used per organoid for ho-
mogenization at 12,000g for 2  min in a QIAshredder column 
(QIAGEN, Hilden, Germany) after lysis and before addition of 
70% ethanol. Total RNA was eluted with 50 l of ribonuclease 
(RNase)–free water and stored at −80°C until further use. Total 
RNA was quantified in a NanoDrop 2000c Spectrophotometer 
(Thermo Fisher Scientific).

NanoString gene expression analysis
A total of 100 ng of RNA from iPSCs, differentiated cells, organoids, 
human normal fetal kidney (Takara, 636584-1412044) or adult 
kidney (Takara, 636529-1807151) in 5 l of RNase-free water was 
subjected to NanoString nCounter Elements workflow, according 
to the nCounter Elements XT Assay User Manual (NanoString 
Technologies, Seattle, WA). mRNA expression of 228 genes was 
assessed using nSolver 4.0 software (NanoString Technologies). The 
gene panel (table S1) included pluripotency markers (e.g., NANOG, 
POU5F1, and SOX2), kidney-specific markers (early development: 
SIX2, LHX1, and OSR1; mature podocytes: SYNPO, PODXL, NPHS1, 
and NPHS2), and markers of off-target cell types (e.g., CRABP1, 
HES6, and PMEL). Gene expression levels of 222 genes were 
normalized using six reference genes (ABCF1, GUSB, HPRT1, LDHA, 
POLR1B, and RPLP0), which were included in the gene panel (total 
of 228). Heatmaps were generated using the Python Seaborn package 
and displayed as hierarchical clustering (rows) of z score trans-
formed expression values. For comparison of NanoString data to 
scRNA-seq data, normalized, log-transformed counts for the 222 
genes on the NanoString panel were extracted and averaged across 
each cluster (Seurat function “AverageExpression”). Eighteen genes 
that were not detected at any developmental stage were dropped. 
Heatmaps were generated using R package “pheatmap.” Row z-scaled 
gene expression matrix was clustered (hierarchically) using Euclidean 
distance metric.

Electrophysiology
Manual patch-clamp electrophysiology was performed in the whole-
cell configuration in HEK293 cells stably overexpressing human 
TRPC5 according to published protocols (27), using previously 
reported external and internal solutions (27). Once in the whole-cell 
configuration, cells were held at 0 mV, and TRPC5 current was 
measured by an initial step to −80 mV held for 50 ms, followed by a 
ramp protocol from −80 mV to +80 mV at a rate of 1 mV/ms, and 
then a step at +80 mV for 50 ms before returning to the holding 
potential. The voltage protocol was repeated at a frequency of 1 Hz. 
Mean inward and outward currents were determined at −80 mV 
and +80 mV, respectively. GFB-887 and ML204 (27) were delivered 
to cells diluted at final concentration in external buffer through a 
gravity perfusion system (27).
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Compound treatment of organoids in vitro
D24 to D28 in vitro organoids were used for CsA or GFB-887 com-
pound treatment. CsA was diluted from a 20 mM stock in dimethyl 
sulfoxide (DMSO) to final concentrations of 20, 2, 0.2, or 0.02 M 
in STEMdiff APEL 2, and GFB-887 was diluted from a 10 mM stock 
in DMSO to final concentrations of 10, 1, 0.1, or 0.01 M in STEMdiff 
APEL 2. Compound stability in solution was analyzed using Waters 
ACQUITY ultra performance liquid chromatography. One milliliter 
of GFB-887–containing medium was added to the apical side of the 
Transwell insert, and 2 ml of GFB-887–containing medium was 
added to the basolateral side of the Transwell insert. Organoids were 
pretreated with compounds separately or in combination for 1 hour 
before exposure to PS at 300 g/ml (Sigma-Aldrich) for an addi-
tional 1, 6, or 24 hours.

Immunofluorescence microscopy
Organoids grown in vitro or transplanted organoids connected 
to adjacent endogenous rat kidneys were rinsed with DPBS and 
fixed with 4% PFA at RT for 30 min, washed twice with DPBS for 
5 min at RT, and incubated in 30% sucrose at 4°C for 2 to 3 days. 
After freezing the samples in optimal cutting temperature (VWR, 
Radnor, PA), sections were cut on a Leica CM1950 cryostat, col-
lected at a thickness of 10 m, placed on glass slides, treated with 
0.1% Triton X-100, and blocked in 10% donkey or goat serum. After 
incubation with primary antibodies overnight at 4°C, sections were 
washed with DPBS and incubated with secondary antibodies for 1 
hour at RT. Primary antibodies included the following: CD31/PECAM1 
(Bethyl Laboratories, IHC-00055), RECA-1 (Bio-Rad, MCA970GA), 
synaptopodin (Progen, GP94-N), E-cadherin (R&D Systems, AF648), 
TRPC5 [University of California Davis/National Institutes of Health 
(NIH) NeuroMab Facility, 75-104], and TRPC5 (Alomone Labs, 
ACC-020). Secondary antibodies included the following: Alexa 
Fluor 647 donkey anti-rat, Alexa Fluor 555 donkey anti-mouse, 
Alexa Fluor 555 donkey anti-rabbit, Alexa Fluor 488 donkey anti-
rabbit, Alexa Fluor 488 donkey anti-goat (Thermo Fisher Scientific), 
Alexa Fluor 647 donkey anti-guinea pig (the Jackson Laboratory), 
Alexa Fluor 405 donkey anti-goat (Abcam), and Alexa Fluor 750 
donkey anti-goat (Abcam). They were used at 1:300 for 1 hour 
at RT, and Hoechst 33342 was used at 1:10,000 and phalloidin at 
1:1000 for 30 min at RT. Fluorescence microscopy images were 
captured on a digital Axio Scan.Z1 Slide Scanner (Carl Zeiss, White 
Plains, NY) (objective Plan-Apochromat 20×/0.8; Hamamatsu Camera, 
Transmitted light detector T-PMT, filter sets 90 HE LED and 
110 HE LED, Axio Scan.Z1) or a superresolution confocal LSM 880 
Airyscan microscope [Carl Zeiss Plan-Apochromat objective 
20×/0.8 WD = 0.55 M27, Axio Observer Z1 for LSM880, Transmitted 
light detector T-PMT, filter sets 49 4′,6-diamidino-2-phenylindole 
(DAPI) EXG365 S free, 43 Cy3 shift free, and 38 HE green fluores-
cent protein shift free]. Zen5 software powered by Arivis was used 
for image acquisition and processing.

Quantification of podocyte injury in human kidney 
organoids in vitro
For semi-automated image analysis with Amira for Cell Biology 
imaging software, the 4′,6-diamidino-2-phenylindole (DAPI) channel 
was used to identify cells and to create an organoid mask, the 
phalloidin channel was used to identify penetration depth of PS 
injury and to create a mask for region of injury quantitation, and the 
synaptopodin channel was used to identify injured podocytes. Using 

overlays of the DAPI channel mask to limit detection to organoid 
tissue on a slide, the phalloidin channel mask to limit detection to 
the region of injury, and the synaptopodin channel masks to limit 
detection to the regions containing podocytes, we used Amira to 
provide quantitative readouts of average phalloidin intensity over 
podocyte surface areas. GraphPad Prism 8.0.1 was used to graph 
the quantitative readout of aggregated actin and perform ordinary 
one-way analysis of variance (ANOVA) for multiple comparisons.

PK studies in rats with transplanted organoids
For PK studies, 5- to 6-week-old athymic male nude rats with D14 
transplanted organoids were used. Animals were randomly divided 
into three experimental groups (vehicle, GFB-887 acute, and GFB-
887 chronic) with at least four animals per group. GFB-887 (10 mg/kg) 
formulated in vehicle solution [Solutol HS-15 (Sigma-Aldrich), 
vitamin E-TPGS (PMC Isochem, France), and polyethylene glycol 
300 (Sigma-Aldrich)] or vehicle alone was dosed orally once per day 
for three consecutive days. For direct administration of GFB-887 or 
vehicle into the renal artery, an incision was made in the abdominal 
wall of rats euthanized with CO2 according to an approved IACUC 
protocol, followed by exposing and clamping the supra- and infra-
renal abdominal aorta. A small incision was made into the inferior 
vena cava to allow drainage of the perfusion solution. First, the rat 
kidney/human organoid pairs were flushed with HBSS at 9 ml/min 
for 5 min through a fine catheter (Exel, Santa Ana, CA) inserted 
into the clamped abdominal aorta, followed by further perfusion for 
15 min with 3 M GFB-887 and 0.3% DMSO in HBSS or 0.3% 
DMSO in HBSS (serving as control). At the end of the perfusion, 
the organoids and host kidneys were excised together (n ≥ 3), 
rinsed with ice-cold DPBS, snap-frozen in liquid nitrogen, and 
stored at −80°C until further use. Blood samples (100 to 200 l) 
were drawn 4 hours after oral dosing on D1 and D2 and at 30 min, 
1, 2, and 4 hours after dosing on D3 and collected on ice in K2-EDTA 
(Thermo Fisher Scientific) containing microcentrifuged tubes. 
Within 30 min after collection, the blood samples were processed 
to plasma by centrifugation at 10,000 rpm at 4°C. Plasma samples 
were snap-frozen in liquid nitrogen and stored at −80°C until fur-
ther use. GFB-887 concentrations in organoids, rat kidneys, and rat 
plasma samples were measured by liquid chromatography (LC)–mass 
spectrometry at RMI Laboratories (North Wales, PA). Organoid 
and kidney sample processing involved homogenization with 0.5-mm 
zirconium beads for 45 s at 4000 cycles/min in 500 to 1000 l of 50:50 
acetonitrile/water mixture containing internal standard (0.1 g/ml) 
and 0.1% formic acid (FA). Supernatants were spun at 13,000 rpm 
for 5 min, and 100 l of the supernatant was mixed with 100 l of 
0.1% FA solution before LC–tandem mass spectrometry (MS/MS) 
analysis. Full-scan LC-MS/MS data were analyzed with QuanLynx 
software for internal standards and GFB-887. Data were quantified 
using a matrix-specific six-point calibration curve spiked with GFB-887. 
The initial values from plasma, organoid, and kidney samples were 
reported as nanograms per milliliter by RMI Laboratories who con-
ducted the measurements. Using a density of 1 for mass to volume 
conversion, the organoid and kidney samples were then normalized 
to their respective sample weights, and the final drug values in the 
tissue samples were reported as nanograms per gram tissue.

PD studies in rats with transplanted organoids
PS-induced podocyte foot process effacement (32, 33) was assessed 
in rats with D14 kidney organoids grown in vivo for 4 weeks. After 

https://www.google.com/search?rlz=1C1GCEV_en&amp;sxsrf=ACYBGNTM-7DoAPSGKAXc_Dbnmk7TbyepQg:1576962970268&amp;q=Radnor,+Pennsylvania&amp;stick=H4sIAAAAAAAAAOPgE-LUz9U3sMiKT7JU4gIxjQqMk4uytbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1hFghJT8vKLdBQCUvPyiitzyoAKEwE2gK2_XAAAAA&amp;sa=X&amp;ved=2ahUKEwjCsKrt1MfmAhWOdd8KHelVBzUQmxMoATAgegQIDRAP
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clamping the renal artery and excision of one organoid/kidney pair 
for PK studies, vascular perfusion of the contralateral kidney/
organoid pair at a flow rate of 9 ml/min was done as follows: (i) 
vehicle control group (n = 2): 5 min of HBSS, 30 min of 0.3% DMSO 
in HBSS, 5 min of HBSS, and 5 min of fixative (4% PFA in DPBS); 
(ii) PS group (n = 2): 5 min of HBSS, 15 min of 0.3% DMSO in 
HBSS, 15 min of PS (2 mg/ml) in 0.3% DMSO, 5 min of HBSS, and 
5 min of fixative; (iii) PS + oral GFB-887 dosing group (n = 3): 5 min 
of HBSS, 15 min of PS (2 mg/ml) and 0.3% DMSO in HBSS, 5 min 
of HBSS washout, and 5 min of fixative; (iv) renal artery GFB-887 
dosing group (n = 3): 5 min of HBSS, 15 min of PS (2 mg/ml) and 
3 M GFB-887, 0.3% DMSO in HBSS, 5 min of HBSS, and 5 min of 
fixative. After fixation, organoids and host kidneys were excised 
together, rinsed with ice-cold DPBS, trimmed and immersion-fixed 
in 4% PFA for 24 to 48 hours at 4°C, transferred to 30% sucrose, and 
stored at 4°C until further use. Host rat kidney and organoids were 
imaged together on the same slide to ensure uniform and compara-
tive images for quantitation.

Quantification of podocyte injury in transplanted organoids 
and adjacent rat kidney
D14 organoids transplanted for 4 weeks and the adjacent endoge-
nous rat kidneys were processed for immunofluorescence whole 
scan image acquisition of organoid and adjacent rat tissue, and 
10 to 12 50× zoomed images were randomly acquired (pixel size, 
0.33 × 0.33 × 0.5 XYZ M) for each condition and quantified using 
OMERO 5.6 viewer (48) and Fiji/ImageJ 1.52 g (open-source NIH 
imaging software). Staining for nephrin and synaptopodin was used 
to identify podocytes in glomeruli of transplanted organoids and 
endogenous rat kidneys. Using overlays of the nephrin channel 
mask to limit detection to podocytes, Fiji/ImageJ was used for 
quantification of synaptopodin abundance and phalloidin average 
intensity over the surface area within nephrin-positive masked 
areas ±SEM for the following number of randomly acquired glo-
merular structures for each condition: (A) organoids: (i) vehicle 
control group (n = 56), (ii) PS group (n = 59), (iii) PS + oral GFB-887 
dosing group (n = 89), and (iv) renal artery GFB-887 dosing group 
(n = 74); (B) rat kidney: (i) vehicle control group (n = 70), (ii) PS 
group (n = 79), (iii) PS + oral GFB-887 dosing group (n = 127), and 
(iv) renal artery GFB-887 dosing group (n = 147). GraphPad Prism 
was used to graph the quantitative readout of synaptopodin intensity 
and perform ordinary one-way ANOVA followed by Dunnett’s 
multiple comparisons test.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj5633

View/request a protocol for this paper from Bio-protocol.
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