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ABSTRACT
Background The utility of kidney organoids in regenerative medicine will rely on
the functionality of the glomerular and tubular structures in these tissues. Recent
studies have demonstrated the vascularization and subsequent maturation of
human pluripotent stem cell–derived kidney organoids after renal subcapsular
transplantation. This raises the question of whether the glomeruli also become
functional upon transplantation.

Methods We transplanted kidney organoids under the renal capsule of the left
kidney in immunodeficient mice followed by the implantation of a titanium imaging
window on top of the kidney organoid. To assess glomerular function in the trans-
planted human pluripotent stem cell–derived kidney tissue 1, 2, and 3 weeks after
transplantation, we applied high-resolution intravitalmultiphoton imaging through the
imaging window during intravenous infusion of fluorescently labeled low and high
molecular mass dextran molecules or albumin.

Results After vascularization, glomerular structures in the organoid displayed dex-
tran and albumin size selectivity across their glomerular filtration barrier. We also
observed evidence of proximal tubular dextran reuptake.

ConclusionsOur results demonstrate that human pluripotent stem cell–derived glo-
meruli can develop an appropriate barrier function and discriminate between mole-
cules of varying size. These characteristics together with tubular presence of low
molecular mass dextran provide clear evidence of functional filtration. This approach
to visualizing glomerular filtration function will be instrumental for translation of
organoid technology for clinical applications as well as for disease modeling.

JASN 31: 921–929, 2020. doi: https://doi.org/10.1681/ASN.2019060573

Induced pluripotent stem cell (iPSC)–
derived kidney organoids are three-
dimensional structures grown in vitro
that exhibit nephrons consisting of glo-
merular, proximal, and distal tubular
structures.1 Their generation provides
opportunities for studying kidney dis-
ease, development, and toxicity but po-
tentially, also clinical use as auxiliary
tissue therapy for patients with kidney

failure. However, these kidney organoids
are not yet applicable in regenerative
medicine, and several hurdles need to
be overcome. For example, kidney orga-
noids in vitro lack a functional vascular
network, are still immature, and lack a
glomerular filtration barrier. The latter
comprises the glomerular endothelium,
the glomerular basement membrane,
and the podocytes, which through

intricate cross-signaling and synthesis
of an organotypic glycocalyx layer,
maintain a size-selective filtration bar-
rier.2 It is uncertain to what extent the
glomeruli in the kidney organoids have
proper functional filtration capacity,
and their functionality will be key to
any potential clinical translation of
this technology.

Earlier studies demonstrated that
transplantation of embryonic kidney tis-
sue in vivo resulted in vascularization
primarily by host-derived endothelial
cells that migrate into the graft.3,4 This
inspired us and others to transplant kid-
ney organoids under the renal capsule or
subcutaneously to allow for their vascu-
larization.5–7 These studies observed
perfused host- and organoid-derived
vasculature as well as vascularized glo-
merular structures.8 These glomerular
structures showed advanced morpho-
logic maturation as did the tubular
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structures.6 Upon transplantation,
fenestrated glomerular endothelium, a
glomerular basement membrane, and
extensive podocyte foot processes were
formed, raising the question of whether
under these conditions the glomeruli
also become functional.

In this study, we applied high-
resolution intravital imaging that allowed
the visualization and functional assess-
ment of glomerular filtration and glomer-
ular barrier function in the transplanted
kidney organoids by live in vivo imaging of
dextran sieving and albumin retention.

METHODS

Full details are provided in Supplemental
Material.

Pluripotent Stem Cell Culture and
Organoid Differentiation
Human induced pluripotent stem cells
(hiPSCs; reporter hiPSCMAFB:mTagBFP2
[hiPSC-MAFB-BFP (blue fluorescent
protein)]9) were maintained in Essential
8 medium and differentiated using previ-
ously described protocols.6,10 Briefly,
hiPSCs were incubated for 4 days in 8 mM
CHIR99021 in STEMdiff APEL2 medium.
On day 4, growth factors were changed to
200 ng ml21 rhFGF9 and 1 mg ml21 hepa-
rin. On day 7, cells were transferred as small
clumps to three-dimensional culture on
Transwell 0.4-mm pore polyester mem-
branes andmaintained for another 18 days.

Animal Experiments and Intravital
Microscopy
All animal experimental protocols were
approved by the animal welfare commit-
tee of the Leiden University Medical
Center and the Dutch Animal Experi-
ments Committee. Kidney organoids
(day 25; cultured 7 days in monolayer
and 18 days as a three-dimensional
structure) were transplanted under the
renal capsule of the left kidney in non-
obese diabetic/severe combined immu-
nodeficiency (NOD/SCID) 8 week old
mice.6 A titanium imagingwindowwas im-
plantedon topof the kidneyorganoid.6,11,12

One, 2, and 3 weeks after surgery, the
mice were intravitally imaged on a Zeiss

LSM 710 NLO upright multiphoton mi-
croscope equipped with a Mai Tai Deep
See multiphoton laser (690–1040 nm)
(Supplemental Table 1). Via a tail vein
cannula, mice were injected with low
molecular mass 10, 20, or 40 kDa (rho-
damine B isothiocyanate [RITC] or tet-
ramethylrhodamine [TRITC]) dextran;
high molecular mass 70, 500, or 2000 kDa
dextran (fluorescein isothiocyanate
[FITC]), or bovine-albumin (FITC)
during image recording (Supplemental
Table 2). Glomeruli were recorded (Zeiss
Zen software) with time-lapse series con-
taining 3000 images;mice were injected at
50 images (24 seconds). Series were col-
lected in 12 bit and 5123512 pixels, with a
resolution of 0.48 seconds at a single Z
plane for time series or 1–1.5 mm for Z
stacks and tile scans. Fluorophores were
excited at 800 nm, and emission was col-
lected in three NDDs: mTagBFP2
(460–500 nm), FITC (510–550 nm), and
TRITC (575–620 nm).

Analyses and Calculation
Analyses of intravital microscopy time
series were performed with ImageJ Fiji,
Microsoft excel spreadsheets, and
Graphpad Prism. Three-dimensional re-
constructions were made using Imaris
andMaxon Cinema4D. Regions of inter-
est in the blood vessel, Bowman’s cap-
sule, and extracellular space were defined
manually (Supplemental Figure 1). Fluo-
rescence intensity was measured, back-
ground fluorescence (average of the first
50 images in time series before dextran
infusion) was subtracted, and values
were normalized to the highest fluores-
cence intensity in the blood vessel area
and plotted over time. The glomerular
sieving coefficient was calculated as the
ratio between the fluorescence intensity
in specified region of interest: Bowman’s
space and blood vessel for low molecular
mass and high molecular mass dextran
molecules.13 Time point 0 was defined
as the highest fluorescence intensity for
low molecular mass dextran in the Bow-
man’s capsule. Erythrocytes (visible as
dark streaks in the blood vessel) were
eliminated from the analysis using the
threshold function in ImageJ Fiji.13,14

Line scans of approximately 135 mm were

obtained for several time points on dextran
infusion and normalized to the highest in-
tensity in the blood vessel area at the time
point immediately after injectionof 10 kDa
dextran (3.39 minutes). Line scans were
plotted for Bowman’s capsule, extracellu-
lar space, and blood vessels.

Immunofluorescence Analyses
Organoids under the renal capsule of
mouse kidneys were fixed in 4% parafor-
maldehyde overnight (pH 7.4) and fur-
ther incubated in 30% sucrose in PBS for
8 hours. Tissues were embedded in OCT,
frozen using dry ice, and stored at280°C.
The mouse kidneys with the transplanted
organoids were sectioned at the cryotome
at 5–10 mm. Structures were analyzed for
10 kDa dextran (lysine fixable TRITC) and
for lotus tetragonolobus lectin1 (LTL1)
proximal tubules. Tissues were examined
using the White Light Laser Confocal Mi-
croscopeTCSSP8usingLAS-X Image soft-
ware (Leica) and Imaris software.

RESULTS AND DISCUSSION

Although several studies have now
characterized stem cell–derived kidney
organoids at molecular andmorphologic
levels, functional data are still lacking.
One of the basic functions of the kidney
is its ability to produce ultrafiltrate in the

Significance Statement

The ability to differentiate human induced
pluripotent stem cells to kidney organoids
in vitro holds promise for disease model-
ing, drug discovery, and clinical applica-
tion. The authors differentiated such cells to
kidney tissue comprising glomerular, proxi-
mal, and distal tubular structures. Earlier re-
search demonstrated that these structures
becomevascularizedupon transplantation in
mice and show advanced maturation. To in-
vestigate whether human induced pluripo-
tent stem cell–derived kidney organoids can
also become functional in vivo, they applied
high-resolution intravital multiphoton imag-
ing through a titanium imaging window.
They demonstrated in vivo glomerular filtra-
tion and size-selective glomerular barrier
function in the transplanted organoids. This
technique can be instrumental for further
developing stem cell–derived organoids to-
ward clinical applications.
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glomerulus. The glomerular filtration
process is defined as an integrated func-
tional unit where crosstalk between
vascular endothelium and podocytes de-
termines the actual filtration process.2

The defining feature of an ultrafiltration
membrane, such as in the glomerulus, is
that it can sieve macromolecules on the
basis of molecular size. Dextrans are in
this respect useful probes of glomerular
function. Because dextrans are thought
to be neither secreted nor reabsorbed
by the renal tubule (except when very
small), their plasma and urine concentra-
tionsdirectly reflect glomerularfiltration.15

To this end, we performed live imaging
of dextran sieving in hiPSC-derived glo-
merular structures in 25-day-old kidney
organoids using an mTagBFP2 podocyte
reporter (MAFB) iPSC line.9 These orga-
noids were transplanted under the renal
capsule in immunodeficient mice fol-
lowed by the implantation of an imaging
window (Figure 1A).

To validate our model and the subse-
quent observations on glomerular filtra-
tion in the transplanted organoid, we
first evaluated dextran sieving character-
istics of the mouse kidneys on which the
organoids were transplanted. Time-
lapse images were taken upon intrave-
nous infusion of low molecular mass
dextran (10, 20, and 40 kDa; TRITC)
and high molecular mass dextran (70
and 500 kDa; FITC). Low molecular
mass dextrans appeared rapidly after in-
jection in the tubular structures of the
mouse kidney, reaching their peak
within 10 minutes followed by an elim-
ination curve (Supplemental Figure 2).
The high molecular mass dextrans were
retained in the blood and did not appear
in the tubular compartment.

We commenced the functional anal-
ysis of the glomerular filtration barrier in
the organoids by infusing high molecu-
lar mass 2000 kDa dextran followed by
low molecular mass 10 kDa dextran.
This very high molecular mass dextran
allows for visualization of the vascula-
ture, whereas the low molecular mass
dextran,which is assumed to have a radius
of around 2.3 nM, has been shown to filter
almost unhindered in the glomerulus.15

Low molecular mass 10 kDa dextran

was sieved into the Bowman’s capsule
(Supplemental Figure 3) in the orga-
noid glomerulus, reaching a maximum
5 minutes after injection and then,
slowly decreasing over time (Figure 1,
B–D), probably as reflection of elimi-
nation into the tubular compartment of
the organoid (see below) as well as si-
multaneous urinary excretion by the
underlying mouse kidney. High molec-
ular mass 2000 kDa dextran was, as ex-
pected, exclusively retained in the
blood vessels compared with Bowman’s
capsule or extracellular space (Figure 1,
B–D). To directly compare the amount
of dextran in the various compart-
ments, we made line scans crossing
the blood vessel, the Bowman’s capsule,
and the extracellular space displaying
fluorescence pixel intensities (Figure 1E,
Supplemental Figure 4). The low molec-
ular mass 10 kDa dextran was present in
all compartments, being highest in the
Bowman’s space followed by the blood ves-
sel, whereas the presence of the lowmolec-
ularmass dextran remained very low in the
extracellular space. The latter indicates a
selectively high permeability of the glomer-
ular capillary bed for the low molecular
mass dextrans compared with the other
blood vessels in the organoids.

Next, live imaging of the kidney orga-
noids was performed at 1, 2, and 3 weeks
after transplantation. We infused differ-
ent sizes of dextrans simultaneously and
recorded a wide-field tile scan (Z stack).
This unbiased view shows that all glo-
merular structures were vascularized,
and parts of them were sieving the low
molecular mass 10 kDa dextran mole-
cules (Figure 2). We subsequently visual-
ized in detail multiple glomeruli at weeks
1, 2, and 3 after transplantation (Figure 3,
A and B, Supplemental Table 1). Regions
of interest were selected in multiple glo-
meruli (Supplemental Figure 1A), and
fluorescence intensity normalized for
maximal low molecular mass or high
molecular mass dextran in the blood
vessels was measured as a marker of glo-
merular molecular sieving. Glomerular
sieving of low molecular mass 10 kDa
dextrans could be observed as soon as
1 week after transplantation, and its siev-
ing characteristics did not change

thereafter (Figure 3C, Supplemental
Movies 1 and 2). We visualized this in
20 individual glomerular structures in
multiple mice that were recorded for
approximately 25 minutes at 1, 2, and
3 weeks after transplantation (n520)
(Supplemental Tables 1 and 2). These re-
sults are in agreement with our earlier
study, where we performed large-scale
ultrastructural analysis of the transplan-
ted organoids and could demonstrate
that hallmarks of glomerularmaturation,
such as the presence of fenestrated endo-
thelium, aGBM, and podocytes with foot
processes, were present as soon as 7 days
after transplantation.6 To exclude that
the loss of fluorescence intensity of the
low molecular mass dextran in Bow-
man’s capsule was a result of photo-
bleaching caused by continuous imaging,
we calculated the fluorescence intensity
in glomerular structures that were im-
aged in tile scans and were located in
the overlap region of two different tiles.
These specific glomerular structures
were imaged twice, with a time delay of
a couple of minutes during which the
structures were not imaged. Here, with-
out continuous imaging, we also observed
a significant decrease in fluorescence in-
tensity of the lowmolecularmass dextran,
demonstrating that this reductionwas not
due to photobleaching (Supplemental
Figure 5).

Although all glomeruli in the organo-
ids were found to be vascularized (or
perhaps, nonvascularized glomeruli
had regressed), we estimated the num-
ber of sieving glomeruli in multiple tile
scans and manually recorded movies,
and we observed that the number of
functional glomerular structures had a
median of 40% but was variable between
organoids (Figure 3D). Furthermore,
filtration dynamics were shown to
vary from one glomerulus to another
at the same time after transplantation
(Figure 3E) as well as the same glomeru-
lus at 2 consecutive weeks in the same
organoid (Supplemental Figure 6). This
was particularly true for the peak intensi-
ties in Bowman’s capsule after injection.
From our data, we cannot fully explain
this, but this could be related to variability
in stages of glomerular maturation and

JASN 31: 921–929, 2020 Filtration in Kidney Organoids 923
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Figure 1. In vivo imaging reveals glomerular filtration in transplanted hiPSC-derived kidney organoids. (A) Schematic of experimental
setup for intravital imaging of the mouse kidney and transplanted kidney organoids visualized through an implanted imaging window.
Dashed line indicates the location of the kidney organoid. (B) Kidney organoids from hiPSC-MAFB-BFP were transplanted and visualized
through the imaging window. Still frames from a time series at a single Z plane are displayed: merged (upper panels), low molecular mass
10 kDa dextran (FITC; lower left panels), and high molecular mass 2000 kDa dextran (RITC; lower right panels; n54). On infusion, high
molecular mass 2000 kDa dextran became apparent in the blood vessels, and lowmolecularmass 10 kDa dextran was infused at timepoint
0. Low molecular mass 10 kDa dextran initially appeared in the blood vessels only as indicated by the yellow-colored overlay. After
1:36 minutes, low molecular mass 10 kDa dextran fluorescence intensity became visible in the putative Bowman’s capsule identified by
MAFB-BFP1 podocytes in the organoid. At 4.02 minutes, the fluorescence intensity reached its maximum and then, decreased until
22:35 minutes. (C) Three-dimensional view from the Z stack of the filtrating glomerular structure (top panel) and orthogonal view of the
glomerular structure with its Bowman’s capsule in red (middle panel). The bottom panel shows the three-dimensional reconstruction
model of vasculature and glomerular structure. (D) Fluorescence intensity lowmolecular mass 10 kDadextran (left panel) or highmolecular
mass 2000 kDa dextran (right panel) in regions of interest (indicated in Supplemental Figure 1A) plotted over time. (E) A line (indicated in
Supplemental Figure 1A) (approximately 135mm) was drawn across the Bowman’s capsule, blood vessel, and extracellular space (outside)
in still frames from a time series obtained by in vivo imaging of the transplanted kidney organoids. Line profiles of the pixel intensities of
low molecular mass 10 kDa dextran (left panel) and high molecular mass 2000 kDa dextran (right panel) were obtained for several time
points and normalized to the highest intensity in the blood vessel area (3.39 minutes). MM, molecular mass. Scale bars, 100 mm.
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differences between organoid batches16 as
well as pressure-related variation in the
vascular beds of the organoids.

To further characterize the size selec-
tivity of the glomerular filtration barrier,
we infused different combinations of
low molecular mass and larger-sized
dextrans as well as albumin to determine
the cutoff for size selectivity of the glo-
merular barrier function. The data show
that 70 kDa dextran and albumin (ap-
proximately 66 kDa) were retained in
the blood vessel and did not appear in
the Bowman’s space (n514); 20 kDa
(n56) and 40 kDa (n54) dextrans
were being filtrated into Bowman’s space
(also on a second infusion), albeit slower
than 10 kDa dextran (Figure 4, A–D,
Supplemental Figure 7). Also, when
20 and 40 kDa dextrans were serially in-
fused after low molecular mass 10 kDa
dextran within 30 minutes, we observed
the same filtration curves (Supplemental
Figure 8). Together, these data suggest
that the glomerular filtration unit is size
restricted above 40 kDa (64.5 nM). This
is also reflected in the calculated glomeru-
lar sieving coefficient, which shows an in-
flection point at this size (Figure 4E). In-
terestingly, this size restriction of
glomerular molecular sieving in the glo-
merulus of the organoid corresponds well
with observations in experimental animals
and humans.15

To investigate the connection of the
glomerular filtration unit to the tubular
compartment, we hypothesized that low
molecular mass dextran in the filtrate
should also be visible in the tubular
structures of the organoids. In agree-
ment, tubular presence of low molecular
mass 10 kDa molecules was observed in-
travitally (Figure 4F, Supplemental
Figure 9). We also performed additional
analyses in fixed tissue sections that
demonstrated that low molecular mass
10 kDa dextran was visible in part of the
LTL1 proximal tubular structures,
mainly at the apical side of the cells
(Figure 4G). This suggests some reup-
take and endocytosis of these small dex-
tran molecules in the proximal tubules,
thus further corroborating the presence
of an active filtration unit.17,18

A

B

Figure 2. Wide-field evaluation of transplanted organoid through imaging window re-
veals vascularization of all glomerular structures and sieving of lowmolecular mass dextran
molecules in part of them. (A andB) Tile scan and Z stack of a part of the transplanted kidney
organoid on top of the mouse kidney at 1 week after transplantation. (1) The mouse kidney
can be visualized at the top right corner by reuptake of lowmolecular mass 10 kDa dextran
(TRITC) surrounded by blood vessels (high molecular mass 70 kDa dextran; FITC). The
border of the organoid and mouse kidney is indicated by the dashed line. (2) All glomeruli
are vascularized, whereas (3 and 4) only a part of them is filtrating. In (B), the same area is
displayed 28.5 mm deeper inside the organoid and closer to the mouse kidney. Arrows
indicate low molecular mass dextran in Bowman’s capsule. Scale bar: 1 mm in left panels;
100 mm in 1–4.
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Figure 3. In vivo imaging reveals glomerular filtration of low molecular mass 10 kDa dextran and not high molecular mass 70 kDa dextran in
transplanted hiPSC-derived kidney organoids. (A)MAFB-BFP1glomeruli were visualized through the imagingwindow. Lowmolecularmass 10 kDa
dextran (TRITC) andhighmolecularmass70kDadextran (FITC)werecoinjectedat 1, 2, and3weeksafter transplantation indifferentmice. Sievingof
lowmolecularmass 10 kDadextranwas observed inn56 (week 1), n57 (week 2), and n57 (week 3)mice.Merged still frames froma time series at a
singleZplane aredisplayed. (B)Orthogonal viewof theglomerular structurewith its Bowman’s capsule and three-dimensional view from theZ stack
of the filtrating glomerular structure (Supplemental Movie 2). (C) Normalized fluorescence intensity of low molecular mass 10 kDa dextran (upper
panels) and high molecular mass 70 kDa dextran (lower panels) in filtrating MAFB-BFP1 structures plotted across time. Regions of interest (other
glomerular structures than in [A]) are indicated in Supplemental Figure 1A. SupplementalMovies 1 and 2 display week 2. (D) The number of sieving
glomeruli was estimated in multiple tile scans andmanually recordedmovies as a percentage of the total number of glomeruli per organoid. Each
dot represents the percentage of functional glomerular structures that was scored in an individual organoid. (E) Normalized fluorescence intensity
plots demonstrate different filtration characteristics in three glomerular structures in three different mice at 2 weeks of transplantation. Regions of
interest are indicated in Supplemental Figure 1A. MM, molecular mass. Scale bars, 100 mm.
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Figure 4. Multiple low and high molecular mass dextran molecules were selectively sieved by the glomeruli and retained in the blood
vessels. (A and B) Low molecular mass 20 kDa dextran (TRITC; n56) and high molecular mass 500 kDa (FITC) dextran were infused si-
multaneously and visualized in MAFB-BFP1 glomerular structures. Normalized fluorescence intensity was plotted across time. Regions of
interest are indicated in Supplemental Figure 1A. (C and D) Low molecular mass 40 kDa dextran (TRITC; n54) and albumin (FITC) were
infused simultaneously and visualized in MAFB-BFP1 glomerular structures. Albumin is retained in the blood vessels, whereas 40 kDa
dextran is filtrated as visualized by the normalized fluorescence intensity across time. Regions of interest are indicated in Supplemental
Figure 1A. (E) Glomerular sieving coefficient was calculated from 12 different recordings in nine individual glomerular structures (com-
bined weeks 1, 2, and 3) from five different organoid batches. Glomerular sieving coefficient in glomeruli in kidney organoids was cal-
culated after the low molecular mass has peaked in the Bowman’s capsule. Plotted are glomerular sieving coefficients for low molecular
mass dextran (10, 20, and 40 kDa), highmolecular mass dextran (70 and 500 kDa) at time points 0 and 10minutes. Error bars indicate SEM.
(F) Intravital imaging revealed dextran reuptake in tubular structures. Dotted lines indicate the glomerulus and lowmolecular mass 10 kDa
dextran (TRITC) in the tubular structure. (G) Immunofluorescence demonstrating the presence of low molecular mass 10 kDa dextran
(TRITC) in LTL1 proximal tubular structures of transplanted human kidney organoids also adjacent to MAFB-BFP1 glomerular structures.
Albumin (FITC) is retained in the blood vessels. Mouse kidney was used as positive control (column 4). MM, molecular mass. Scale bar,
100 mm.
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This is the first study to our knowledge
that used in vivo imaging to show function-
ality of individual glomerular structures de-
rived from transplanted human cells over
time. Our approach demonstrated that
hiPSC-derived glomeruli have developed
an appropriate barrier function on in situ
maturation and that they discriminate be-
tween molecules of varying size, selectively
restricting their passage into Bowman’s
space. Clearly, there is still a lot to be im-
proved in the patterning of the kidney or-
ganoids, and typically, these structures lack
stromal organization,19 such as can also be
appreciated from the tile scans in Figure 2.
However, next to stromal pattering, vascu-
larizationwill be instructive andconditional
to derive advanced iPSC-derived kidney
microtissues. For potential future clinical
translation of kidney organoid transplanta-
tion, functionality of the glomerular filtra-
tion barrier and calculation of GFR will be
key elements in the development trajectory
to unlock further use of hiPSC-derived kid-
ney organoids both for clinical application
as well as for disease modeling.
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