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1
METHOD OF DIFFERENTIATING HUMAN
PLURIPOTENT STEM CELLS TO
PODOCYTES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This Application claims priority to U.S. Provisional
Application No. 62/547,347 filed on Aug. 18, 2017, the
contents of which are incorporated by reference in its
entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
NS083688 and NS085351 awarded by the National Insti-
tutes of Health. The government has certain rights in the
invention.

BACKGROUND OF THE INVENTION

The field of the invention relates to methods of producing
human podocytes from pluripotent stem cells.

Podocytes are specialized cells that wrap around the
capillaries of the glomerulus and comprise the major filtra-
tion barrier in the kidney'. The slit diaphragms in the
glomerular filtration barrier are formed by podocyte foot
processes and are mainly composed of nephrin and P-cad-
herin, and are associated with podocin and CD2AP?. The slit
diaphragms serve as size-selective macromolecular sieves
that retain proteins and large molecules while allowing
water-soluble small molecules to pass through? #. Glomeru-
lar dysfunction and associated loss of filtration capacity are
the major causes of end-stage renal diseases®”’. Many dis-
eases, including autoimmune diseases®'°, bacterial endo-
carditis'!, HIV'?, Alport syndrome'?, diabetes'®, and hyper-
tension'’, affect kidney function by disrupting glomerular
function. In the United States, about 19.2 million people
suffer from chronic kidney disease (CKD) of whom nearly
1 million are diagnosed with end-stage renal disease
(ESRD)'S. The majority of the ESRD patients are treated
with dialysis instead of kidney transplantation as there is
insufficient supply of transplantable organs'”.

As podocytes are terminally differentiated cells'®, obtain-
ing sufficient populations of mature differentiated podocytes
for both studying glomerular diseases or for therapeutically
replacing dysfunctional podocytes has been challenging.
Currently there is no replacement for dysfunctional podo-
cytes. Immortalized human podocytes have been used to
study mechanisms of glomerular diseases'®2°. However,
primary human and immortalized podocytes tend to dedif-
ferentiate in vitro. Dedifferentiated podocytes are character-
ized by loss of cobblestone morphology, low synaptopodin
expression, and exhibiting unstructured and dysfunctional
slit diaphragms®"> 2. Animal models and primary podocytes
isolated from animals are also used to study podocyte
biology and glomerular diseases>> >*, but due to the species
differences, these animal models fail to recapitulate the
functional, structural and molecular aspects of human podo-
cyte function®>.

Thus, an unlimited source of human podocytes exhibiting
key phenotypes of healthy and diseased podocytes would be
a valuable tool for advancing kidney research and treatment
of CKD. Because of their unlimited self-renewal capacity
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and ability to differentiate into any cell type, human pluripo-
tent stem cells (hPSCs) are a promising source of human
podocytes.

SUMMARY OF THE INVENTION

The present invention provides a simple method of dif-
ferentiating PSCs into PSC-derived podocyte progenitors
and immature podocytes which are capable of being
expanded and differentiated into mature podocytes in cul-
ture.

In one aspect, the disclosure provides a method of pro-
ducing nephron progenitor cells, the method comprising: a)
culturing a Brachyury™ primitive streak cell population in a
nephron progenitor differentiation medium free of exog-
enous Wnt/f3-catenin activating agent, bone morphogenetic
proteins (BMPs), Activin, retinoic acid (RA), vascular
endothelial growth factor (VEGF) and fibroblast growth
factor (FGF) for a time sufficient to differentiate a portion of
the cultured cells into PAX2* WT1* SIX2* nephron pro-
genitor cells.

In another aspect, the application provides a method of
producing immature podocyte cells, the method comprising:
a) culturing a Brachyury* primitive streak cell population in
a nephron progenitor differentiation medium free of exog-
enous Wnt/p-catenin activating agent, bone morphogenetic
proteins (BMPs), Activin, retinoic acid (RA), vascular
endothelial growth factor (VEGF) and fibroblast growth
factor (FGF) for a time sufficient to differentiate a portion of
the cultured cells into PAX2* WT1* SIX2* nephron pro-
genitor cells; and (b) culturing the PAX2" WT1* SIX2*
nephron progenitor cells in podocyte differentiation medium
free of exogenous Wnt/p-catenin signaling activating agent,
BMPs, Activin, RA, VEGF and FGF for a time sufficient to
differentiate the PAX2* WT1* SIX2* nephron progenitor
cells into SIX2~ immature podocyte cells that express two or
more markers selected from the group consisting of PAX2,
WTNI1, P-cadherin, CD2AP, podocin, synaptopodin, neph-
rin, and ZO-1. In some aspects, at least 75% of the differ-
entiated cells in the culture after step (b) are SIX2~ immature
podocyte cells.

In another aspect, the disclosure provides a method of
differentiating cells into mature podocyte cells, the method
comprising: a) culturing a Brachyury™ primitive streak cell
population in a nephron progenitor differentiation medium
free of exogenous Wnt/f-catenin activating agent, bone
morphogenetic proteins (BMPs), Activin, retinoic acid
(RA), vascular endothelial growth factor (VEGF) and fibro-
blast growth factor (FGF) for a time sufficient to differentiate
a portion of the cultured cells into PAX2* WT1* SIX2*
nephron progenitor cells; (b) culturing the PAX2* WT1*
SIX2* nephron progenitor cells in podocyte differentiation
medium free of exogenous Wnt/p-catenin signaling activat-
ing agent, BMPs, Activin, RA, VEGF and FGF for a time
sufficient to differentiate the PAX2* WT1* SIX2* nephron
progenitor cells into SIX2~ immature podocyte cells that
express two or more markers selected from the group
consisting of PAX2, WT1, P-cadherin, CD2AP, podocin,
synaptopodin, nephrin, and ZO-1; and c¢) culturing the
SIX2~ immature podocyte cells in podocyte growth medium
free of exogenous Wnt/f3-catenin signaling activating agent,
BMPs, Activin, RA, VEGF and FGF, for a time sufficient to
differentiate into PAX2*WT1* podocin*synaptopodin™
nephrin*P-cadherin+CD2AP+Z0-1* mature podocyte cells.
In some embodiments, the Brachyury™ primitive streak cell
population is obtained by differentiating pluripotent stem
cells in a pluripotent stem cell differentiation medium com-
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3
prising a Wnt/f-cadherin activating agent until the primitive
streak cell population is obtained.

In another aspect, the disclosure provides kits for carrying
out the methods described herein.

The foregoing and other aspects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying draw-
ings which form a part hereof, and in which there are shown,
by way of illustration, preferred embodiments of the inven-
tion. Such embodiments do not necessarily represent the full
scope of the invention, however, and reference is made
therefore to the claims and herein for interpreting the scope
of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

FIGS. 1A-1K. Schematic of podocyte differentiation pro-
tocol. (A) Before differentiation, singularized hPSCs were
seeded on 12-well plates coated with Matrigel®, vitronectin
or Synthemax® at 2x10* cell/cm?® and expanded for 3 days
in mTeSR®1. Differentiation to primitive streak was initi-
ated by 48 hr treatment with 6 pM CHIR99201 in medium
designated podocyte medium 1 (PM1). Cells progress to
nephron progenitors at day 6 and eventually to mature
podocyte cells in podocyte medium 2 (designated PM?2) at
day 16. The pluripotent state of expanded hPSCs was
verified prior to differentiation by immunofluorescence for
(B) OCT4, (C) NANOG and (D) TRA1-60. Expression of
the primitive streak marker brachyury during differentiation
was assessed by (E) immunofluorescence and (F) flow
cytometry 24 hr after CHIR99201 treatment and (G) West-
ern blot from day 0 to day 16. Expression of primitive streak
marker MIXL1 during differentiation was assessed by (H)
immunofluorescence. Expression levels of primitive streak
gene MIXL1 (I) and the pluripotent gene POUSF1 (K)
relative to the housekeeping gene GAPDH were assessed by
qRT-PCR from day O to day 16. (J) At day 4, expression of
the intermediate mesoderm marker PAX2 was verified by
immunofluorescence and flow cytometry. In flow cytometry
plots, red dots represent isotype control treated cells used to
identify the gated regions and blue dots represent cells
stained for the indicated marker. Numbers indicate the
fraction of stained cells (blue) in the gated regions. Data are
represented as mean+SEM of three replicates. Scale bar, 100
pm.
FIGS. 2A-2D. Using the methods described in FIG. 1,
cells progress from primitive streak to nephron progenitors
at day 6. At differentiation day 6, cells were assessed by
immunofluorescence and flow cytometry for podocyte pro-
genitor markers, including PAX2 and WT1 (A, C), and SIX2
(B, C). In (C), red dots represent isotype control treated cells
used to identify the gated regions and blue dots represent
cells stained for the indicated marker. Numbers indicate the
fraction of stained cells (blue) in the gated regions. (D)
Quantitative RT-PCR was used to measure the expression of
PAX2, WT1, SIX2 relative to housekeeping gene GAPDH
during IMR90-4 iPSC differentiation to podocytes using the
protocol illustrated in FIG. 1A. Expression levels were
normalized to undifferentiated IMR90-4 iPSCs. Data are
represented as mean+SEM of three replicates. Scale bar, 100
pm.
FIGS. 3A-3L Wnt signaling activation alone is sufficient
to differentiate hPSCs into nephron progenitor cells. (A)
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Schematic of podocyte differentiation factor identification.
Singularized IMR90-4 hPSCs were seeded on 12-well plates
coated with Matrigel®, Synthemax® or vitronectin and
expanded for 3 days in mTeSR®1. Podocyte differentiation
was initiated with treatment using 6 M CHIR (CHIR99021)
for 48 h in PM1 followed by treatment with different
combinations of 0.1 uM or 1 uM RA, 50 ng/ml. BMP7 and
50 ng/mL FGF2 from day 2 to day 6 in PM2. (B) Cells at day
6 were assessed by Western blot for the expression level of
WT1. (C) Expression level was quantified via Image J. The
expression was first normalized to f-actin and then com-
pared to WT1 expression in the absence of FGF2, RA and
BMP7. (D, E) Expression of phosphorylated SMAD was
assessed by Western blot after cells were treated with
dorsomorphin (0 uM to 10 pM) from day 1 to day 3 or from
day 3 to day 4. (F, G) Expression of BMP7 at day 1 and day
2 was verified by immunofluorescence and Western blot of
cell lysate. (H, I) Cells were differentiated in the presence or
absence of 1 uM dorsomorphin treatment from day 1 to day
3 and at day 16 were assessed for expression of PAX2 and
WT1 by flow cytometry. Data were collected from three
independent replicates and are plotted as mean+SEM.
*p<0.05. #*%p<0.001.

FIGS. 4A-4E. hPSC-derived podocyte cells express key
podocyte markers. (A) hPSCs were differentiated as illus-
trated in FIG. 1A. Cell lysates were collected at day 0, day
3, day 6, day 10, day 16 of differentiation. Western blot was
used to assess the expression of WT1 (A), P-cadherin (B),
synaptopodin (C) and nephrin (C). At day 16, cells differ-
entiated as shown in FIG. 1A were characterized by immu-
nofluorescence (D) and flow cytometry (E) for expression of
the indicated podocyte proteins. Scale bar, 100 um. In (E),
red dots represent isotype control treated cells used to
identify the gated regions and blue dots represent cells
stained for the indicated marker. Numbers indicate the
fraction of stained cells (blue) in the gated regions. Data are
presented as mean+SEM of three independent experiments.
See also FIGS. 7-11.

FIGS. 5A-5E. hPSC-derived podocytes exhibit key podo-
cyte phenotypes. IMR90-4 iPSC-derived podocytes were
differentiated as illustrated in FIG. 1A. Phase contrast
images of IMR90-4 iPSC-derived podocytes were taken at
(A) day 6, and (B-C) day 16. (D) Proliferation of cells at
different time points was assessed by flow cytometry for
Ki67. (E) IMR90-4 iPSC-derived podocytes at day 16 were
analyzed with an Albumin Uptake Assay Kit. Alexa Fluor™
555-labelled albumin is shown in red on a merged DAPI
image and the corresponding bright field image is provided
on the right. 4° C. was used as a control to prevent
endocytosis. Scale bars, 100 pm.

FIGS. 6A-6C. hPSC-derived podocyte cells exhibit actin
reorganization after angiotensin II treatment and cell death
is induced by TGF-f1 treatment. hPSC-derived podocytes
were differentiated as illustrated in FIG. 1A. At day 16, cells
were treated with 500 ng/mL Ang II for 6 hr and phalloidin
staining was used to assess changes in cytoskeletal structure.
White arrows indicate the cells with peripheral F-actin. (B)
More than 200 cells over 15 images were analyzed and the
percentage of cells with peripherally-organized actin was
calculated for control and Ang Il-treated cells. Data are
presented as mean percentagexSEM of three independent
experiments over 15 images. Scale bars, 100 pm. (C) At day
16, cells were treated with 5 ng/mL and 50 ng/mL TGF-31
for 24 hr. Detached cells were collected from the medium
and combined with Accutase®-dissociated cells from the
substrate. Cells were treated with trypan blue and the
numbers of cells incorporating and excluding trypan blue
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were counted on a hemocytometer. Percentage of dead cells
was calculated as the number of cells that incorporated
trypan blue divided by the total cell number. Data are
presented as mean+SEM of three independent experiments.

FIG. 7. Gene expression during podocyte differentiation.
Quantitative RT-PCR was used to quantify the expression of
the podocyte markers CDH3 (P-cadherin), SYNPO and
TIP1 during hPSC differentiation to podocytes using the
process illustrated in FIG. 1A. GAPDH was used as an
endogenous housekeeping gene control and expression level
was normalized to day 0. Data are presented as mean+SEM
of three biological replicates.

FIGS. 8A-8B. Expression of podocyte markers on human
primary podocytes. (A) Most major podocyte proteins,
including PAX2, WTI1, podocin, synaptopodin, ZO-1,
CD2AP and nephrin were also expressed by primary podo-
cytes. In the primary podocytes, the WT1 was not exclu-
sively localized to the nucleus while P-cadherin expression
was not detected. (B). Significant expression of WT1 or
P-cadherin was not found in primary podocytes as assayed
by western blot.

FIGS. 9A-9D. Podocytes differentiated from H9 hESCs
and 19-9-11 iPSCs express podocyte-related proteins. H9
A(10A and 10B), a line of human embryonic stem cells and
19-9-11 (10C and 10D), a line of human induced pluripotent
stem cells, were used to differentiate podocytes. Podocytes
were differentiated as illustrated in FIG. 1A. At day 16, cells
were characterized by immunofluorescence (10A, 10C) and
flow cytometry (10B, 10D) for the indicated markers. Scale
bar, 100 pm. Cells for H9-podocytes were from day 34.

FIGS. 10A-10D. Podocytes differentiated on surfaces
coated with Synthemax® or vitronectin express podocyte-
related proteins. Podocytes were differentiated as illustrated
in FIG. 1A on surfaces coated with either Synthemax® (9C
and 9D) or vitronectin (9A and 9B). At day 16, cells were
characterized by immunofluorescence (9A and 9C) and flow
cytometry (9B and (D) for the indicated markers. Scale bar,
100 pm.

FIGS. 11A-11B. Morphology and albumin uptake of
human primary podocytes. (A) Morphology of primary
human podocytes under standard culture conditions. (B)
Confirmation of the temperature dependence endocytosis in
human primary podocytes. Human primary podocytes were
tested for their ability to endocytose Alexa Fluor 555-1abeled
albumin in a temperature-dependent manner at 37° C. and at
4° C. Endocytosis is inhibited at 4° C. in human primary
podocytes, similar to the results of the iPSC-derived podo-
cytes.

FIG. 12. Maintenance of podocyte phenotype in culture.
iPSC-derived podocytes differentiated as illustrated in FIG.
1A were able to be expanded and maintained in culture for
over 30 days, exhibiting expression of podocyte markers as
shown by immunofluorescence.

DETAILED DESCRIPTION OF THE
INVENTION

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
invention pertains. Although any methods and materials
similar to or equivalent to those described herein can be used
in the practice or testing of the present invention, preferred
methods and materials are described herein.

In describing the embodiments and claiming the inven-
tion, the following terminology will be used in accordance
with the definitions set out below.
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As used herein, “about” means within 5% of a stated
concentration range or within 5% of a stated time frame.

The terms “defined culture medium,” “defined medium,”
and the like, as used herein, indicate that the identity and
quantity of each medium ingredient is known.

As used herein, the terms “chemically-defined culture
conditions,” “fully defined, growth factor free culture con-
ditions,” and “fully-defined conditions” indicate that the
identity and quantity of each medium ingredient is known
and the identity and quantity of supportive surface is known.

As used herein, “effective amount” means an amount of
an agent sufficient to evoke a specified cellular effect accord-
ing to the present invention.

As used herein, the term “pluripotent cell” and “pluripo-
tent stem cell” means a cell capable of differentiating into
cells of all three germ layers. Examples of pluripotent cells
include embryonic stem (ES) cells and induced pluripotent
stem (iPS) cells. As used herein, “iPS cells” refer to cells that
are substantially genetically identical to their respective
differentiated somatic cell of origin and display character-
istics similar to higher potency cells, such as ES cells, as
described herein. The cells can be obtained by reprogram-
ming non-pluripotent (e.g., multipotent or somatic) cells.

As used herein, the term “podocytes” may refer to imma-
ture or mature podocytes that express one or more of the
podocyte markers selected from the group consisting of
PAX2, WT1, P-cadherin, CD2AP, podocin, synaptopodin,
nephrin and ZO-1. Podocytes do not express the marker
SIX2.

The term “nephron progenitor” or “podocyte progenitor”
refer to cells which express the WT1, PAX2, and SIX2
markers (e.g., WT1"PAX2*SIX2* nephron progenitors).
SIX2 is a marker specific to nephron progenitors.

The term “immature podocyte” as used herein refers to
cell populations that have differentiated from nephron pro-
genitors and express a number of the podocyte markers,
including, PAX2, WT1, P-cadherin, CD2AP, podocin, syn-
aptopodin, nephrin and ZO-1 (e.g., express two or more of
the markers) but do not express the podocyte progenitor
marker SIX2 (i.e., SIX™). Further, the immature podocytes
do not have mature podocyte morphology including forma-
tion of foot processes, and are able to differentiate in culture.

The term “mature podocytes” as used herein refers to the
non-differentiating mature podocytes that have a flattened
morphology characterized by long processes (also called
foot projections or pedicels) which wrap around the capil-
laries and form slit diaphragms. These mature podocytes
express the podocyte markers, including, PAX2, WTI,
P-cadherin, CD2AP, podocin, synaptopodin, nephrin and
70-1 (e.g., PAX2*WT1* podocin*synaptopodin*nephrin®
P-cadherin+CD2AP+Z0-1" mature podocytes). Mature
podocytes do not express the marker SIX2.

The present disclosure relates generally to methods for
producing pure population of podocytes in culture under
defined conditions without a cell sorting step. This method
provides a renewable source of podocytes for downstream
applications. To generate podocytes (immature or mature), a
primitive streak population of cells is cultured under con-
ditions sufficient to progress to mesoderm precursors,
nephron progenitors, and eventually mature into immature
and mature podocytes as described herein using defined
medium that does not contain exogenous growth factors
(BMPs, FGFs, and VEGFs), activin or retinoic acid. Podo-
cytes generated via the methods described herein adopt
podocyte morphology, express canonical podocyte markers,
and exhibit podocyte phenotypes, including albumin uptake,
and TGF-P1 triggered cell death. These methods provides a
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simple, straightforward procedure to generate large pure
populations of podocytes in vitro. A renewable supply of a
pure podocytes enables in vitro disease modeling and drug
screening as well as in vivo cell therapies to replace dys-
functional podocytes. This simple and novel strategy to
generate both immature and mature podocytes from in vitro
tissue culture cells (e.g., from PSCs or a Brachyury™ primi-
tive streak cell population derived from PSCs) allows for in
vitro disease modeling and drug screening as well as in vivo
cell therapies (e.g., formation of patient-specific podocytes
for disease modeling and treatment).

The disclosure provides in one embodiment a method of
producing nephron progenitor cells comprising a) culturing
a Brachyury™ primitive streak cell population in a nephron
progenitor differentiation medium free of exogenous Wnt/
[-catenin activating agent, bone morphogenetic proteins
(BMPs), Activin, retinoic acid (RA), vascular endothelial
growth factor (VEGF) and fibroblast growth factor (FGF)
for a time sufficient to differentiate a portion of the cultured
cells into PAX2* WT1* SIX2* nephron progenitor cells.

In some embodiments, the cells are cultured for a suffi-
cient time such that at least 75% of the differentiated cells
are PAX2* WT1* SIX2* nephron progenitor cells. Alterna-
tively, the cells are cultured for a sufficient time that at least
80% of the differentiated cells are PAX2* WT1* SIX2*
nephron progenitor cells, alternatively at least 85% of the
differentiated cells are PAX2" WT1" SIX2* nephron pro-
genitor cells, alternatively at least 90% of the differentiated
cells are PAX2* WT1* SIX2* nephron progenitor cells,
alternatively at least 95% of the differentiated cells are
PAX2* WT1* SIX2* nephron progenitor cells, alternatively
at least 98% of the differentiated cells are PAX2" WT1*
SIX2* nephron progenitor cells, alternatively at least 99% of
the differentiated cells are PAX2* WT1* SIX2* nephron
progenitor cells.

In one embodiment, the sufficient amount of time for step
(a) is at least about 4 days. In some embodiments, cells are
cultured in step (a) for a sufficient time to form nephron
progenitors, e.g., cells that express WT1, PAX2, and SIX2.
Suitable time periods for culture include, but are not limited
to, about 4 to about 6 days, including, about 5 days, about
6 days. Nephron progenitors at this stage can be frozen in a
suitable cryopreservation medium for later thawing and use.

As described herein, “nephron progenitor differentiation
medium” is medium suitable for the survival in in vitro
tissue culture of nephron progenitor cells and allows for the
growth and differentiation of the nephron progenitor cells
from a primitive streak population. Suitable medium for use
as a nephron progenitor differentiation medium are known in
the art, including, for example, but not limited to, human
endothelial serum-free medium (hESFM), PM2 (human
endothelial serum-free medium (hESFM) and a medium
supplement (e.g., 2% B-27® (Table 1, e.g., biotin, DL alpha
tocopherol acetate, DL alpha-tocopherol, vitamin A (ac-
etate), BSA, fatty acid free fraction V, catalase, human
recombinant insulin, human transferrin, superoxide dis-
mutase, corticosterone, D-galactose, ethanolamine HCl, glu-
tathione (reduced), L-carnitine HC, linoleic acid, linolenic
acid, progesterone, putrescine 2HCI, sodium selenite and T3
(triodo-I-thyronine)). Other suitable medium may be used as
long as the medium does not contain exogenous Wnt/f3-
catenin activating agents, exogenous growth factors, e.g.,
bone morphogenetic proteins (BMPs), vascular endothelial
growth factor (VEGF) and fibroblast growth factor (FGF),
retinoic acid and activin.
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TABLE 1

Components of B-27 ®

D-Galactose
Ethanolamine HCI
Glutathione (reduced)
L-Carnitine HCI
Linoleic Acid
Linolenic Acid
Progesterone
Putrescine 2HCI
Sodium Selenite

T3 (triodo-I-thyronine)

Biotin

DL Alpha Tocopherol Acetate
DL Alpha-Tocopherol

Vitamin A (acetate)

BSA, fatty acid free Fraction V
Catalase

Human Recombinant Insulin
Human Transferrin

Superoxide Dismutase
Corticosterone

Suitably, the nephron progenitor differentiation medium is
free of any known FGF, for example, FGF 1 through 10.

The defined medium used in the methods described are
free of exogeneous BMPs. Suitable BMPs include, but are
not limited to, BMP 1 through 15.

In one embodiment, the defined medium used in step (a)
consists essentially of a cell culture medium, e.g., human
endothelial serum-free medium (hESFM) and 2% B-27®.
No additional growth hormones or factors are added.

In another embodiment, a method of producing immature
podocyte cells is provided. The method comprises a) cul-
turing a Brachyury™ primitive streak cell population in a
nephron progenitor differentiation medium free of exog-
enous Wnt/p-catenin activating agent, bone morphogenetic
proteins (BMPs), Activin, retinoic acid (RA), vascular
endothelial growth factor (VEGF) and fibroblast growth
factor (FGF) for a time sufficient to differentiate a portion of
the cultured cells into PAX2*WT1*SIX2* nephron progeni-
tor cells; and (b) culturing the PAX2*"WT1*SIX2* nephron
progenitor cells in podocyte differentiation medium free of
exogenous Wnt/f-catenin signaling activating agent, BMPs,
Activin, RA, VEGF and FGF for a time sufficient to differ-
entiate the PAX2*WT1*SIX2* nephron progenitor cells into
SIX2™ immature podocyte cells that express two or more
markers selected from the group consisting of PAX2,
WTNI1, P-cadherin, CD2AP, podocin, synaptopodin, neph-
rin, and ZO-1.

In some embodiments, the sufficient amount of time to
complete steps (a) and (b) is at least 8 days. In some
embodiments, cells are cultured in step (a) and (b) for a
sufficient time to form SIX™ immature progenitor cells, e.g.,
cells that express two or more markers selected from the
group consisting of PAX2, WTNI, P-cadherin, CD2AP,
podocin, synaptopodin, nephrin, and ZO-1. Suitable time
periods for culture include, but are not limited to, at least 8
days, alternatively at least 9 days, alternatively at least 10
days. SIX™ immune podocytes at this stage can be frozen in
a suitable cryopreservation medium for later thawing and
use.

“Podocyte differentiation medium” is medium suitable for
the survival in in vitro tissue culture of immature podocyte
cells and allow for the growth and differentiation of the
immature podocyte cells. In some embodiments, the
nephron progenitor medium is the same as the podocyte
differentiation medium. Suitable medium for use as a podo-
cyte differentiation medium are known in the art, including,
for example, but not limited to, human endothelial serum-
free medium (hESFM) (ThermoFisher Scientific), PM2 (hu-
man endothelial serum-free medium (hESFM) and a
medium supplement (e.g., 2% B-27® (Table 1)). In some
embodiments the podocyte differentiation medium is the
same as the nephron progenitor differentiation medium. In
some embodiments, the podocyte differentiation medium
and nephron progenitor differentiation medium are different.
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In an alternative embodiment, a method of producing
immature podocytes is provided comprising (i) culturing a
Brachyury* primitive streak cell population in a podocyte
differentiation medium free of exogenous Wnt/f-catenin
activating agent, bone morphogenetic proteins (BMPs),
Activin, retinoic acid (RA), vascular endothelial growth
factor (VEGF) and fibroblast growth factor (FGF) for a time
sufficient to differentiate a portion of the cultured cells into
SIX2~ immature podocyte cells that express two or more
markers selected from the group consisting of PAX2,
WTNI1, P-cadherin, CD2AP, podocin, synaptopodin, neph-
rin, and ZO-1. In some embodiments, the sufficient amount
of time to complete steps (i) is at least 8 days, alternatively
at least 9 days, alternatively at least 10 days. SIX~ immune
podocyte cells at this stage can be frozen in a suitable
cryopreservation medium for later thawing and use.

In another alternative embodiment, a method of produc-
ing immature podocyte cells is provided comprising (i)
culturing PAX2*WT1*SIX2* nephron progenitor cells in a
podocyte differentiation medium free of exogenous Wnt/f3-
catenin activating agent, bone morphogenetic proteins
(BMPs), Activin, retinoic acid (RA), vascular endothelial
growth factor (VEGF) and fibroblast growth factor (FGF)
for a time sufficient to differentiate a portion of the cultured
cells into SIX2~ immature podocyte cells that express two or
more markers selected from the group consisting of PAX2,
WTN1, P-cadherin, CD2AP, podocin, synaptopodin, neph-
rin, and ZO-1. In some embodiments, the sufficient amount
of time to complete steps (i) is at least 2 days, alternatively
at least 4 days, alternatively at least 6 days. SIX~ immune
podocyte cells at this stage can be frozen in a suitable
cryopreservation medium for later thawing and use.

In some embodiments of the method of producing imma-
ture podocyte cells, at least 75% of the differentiated cells
obtained in the culture are SIX2~ immature podocyte cells.
In some embodiments, at least 80% of the differentiated cells
are SIX2™ immature podocyte cells, at least 85% of the
differentiated cells are SIX2™ immature podocyte cells, at
least 90% of the differentiated cells are SIX2™ immature
podocyte cells, at least 95% of the differentiated cells are
SIX2~ immature podocyte cells, at least 98% of the differ-
entiated cells are SIX2~ immature podocyte cells, or at least
99% of the differentiated cells are SIX2~ immature podocyte
cells.

In some embodiments, at least 90% of the SIX2~ imma-
ture podocyte cells in culture express PAX2, WT1, P-cad-
herin, CD2AP, podocin, synaptopodin, nephrin, and ZO-1.
In some embodiments, at least 95% of the SIX2~ immature
podocyte cells in culture express PAX2, WT1, P-cadherin,
CD2AP, podocin, synaptopodin, nephrin, and ZO-1.

In another embodiment, the present disclosure provides
methods of differentiating mature podocytes, the method
comprising: a) culturing a Brachyury™ primitive streak cell
population in a nephron progenitor differentiation medium
free of exogenous Wnt/f-catenin activating agent, bone
morphogenetic proteins (BMPs), Activin, retinoic acid
(RA), vascular endothelial growth factor (VEGF) and fibro-
blast growth factor (FGF) for a time sufficient to differentiate
a portion of the cultured cells into PAX2* WT1* SIX2*
nephron progenitor cells; (b) culturing the PAX2*WT1*
SIX2" nephron progenitor cells in podocyte differentiation
medium free of exogenous Wnt/f3-catenin signaling activat-
ing agent, BMPs, Activin, RA, VEGF and FGF for a time
sufficient to differentiate the PAX2*WT1*SIX2 nephron
progenitor cells into SIX2™ immature podocyte cells that
express two or more markers selected from the group
consisting of PAX2, WT1, P-cadherin, CD2AP, podocin,
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synaptopodin, nephrin, and ZO-1; and (c) culturing the
SIX2~ immature podocyte cells in podocyte growth medium
free of exogenous Wnt/f-catenin signaling activating agent,
BMPs, Activin, RA, VEGF and FGF, for a time sufficient to
differentiate into PAX2*WT1*podocin*synaptopodin*neph-
rin*P-cadherin" CD2AP*Z0O-1* mature podocyte cells. The
mature podocyte cells can be characterized by losing expres-
sion of SIX2 but maintaining expression of the other podo-
cyte markers, e.g., WT1", nephrin®, podocin*, PAX2, etc.
(e.g., PAX2*WTI*podocin*synaptopodin*nephrin*P-cad-
herin*CD2AP*Z0-1*. Phenotypically, mature podocytes
have lost their ability to proliferate and demonstrate an
arborized appearance with foot projections (long processes).

In an alternative embodiment, the present disclosure pro-
vides methods of differentiating mature podocyte cells, the
method comprising: culturing a Brachyury* primitive streak
cell population in a nephron progenitor differentiation
medium or podocyte differentiation medium free of exog-
enous Wnt/p-catenin activating agent, bone morphogenetic
proteins (BMPs), Activin, retinoic acid (RA), vascular
endothelial growth factor (VEGF) and fibroblast growth
factor (FGF) for a time sufficient to differentiate a portion of
the cultured cells into PAX2*WT1*podocin*synaptopodin™
nephrin*P-cadherin*CD2AP*ZO-1* mature podocyte cells.

In some embodiments of the method of producing mature
podocyte cells, at least 75% of the differentiated cells
obtained in the culture are mature podocyte cells. Alterna-
tively, at least 80% of the differentiated cells as mature
podocyte cells, at least 85% of the differentiated cells as
mature podocyte cells, at least 90% of the differentiated cells
are mature podocyte cells, at least 95% of the differentiated
cells are mature podocyte cells, at least 98% of the differ-
entiated cells are mature podocyte cells, or at least 99% of
the differentiated cells are mature podocyte cells.

In some embodiments, the time sufficient to complete
steps (a)-(c) is at least 10 days, alternatively at least 12 days,
alternatively at least 14 days, alternatively at least 16 days.

In another embodiment, the present disclosure provides
methods of differentiating mature podocyte cells, the
method comprising: i) culturing SIX2~ immature podocyte
cells in podocyte growth medium free of exogenous Wnt/
B-catenin signaling activating agent, BMPs, Activin, RA,
VEGF and FGEF, for a time sufficient to differentiate into
PAX2*WT1*podocin*synaptopodin*nephrin*P-cadherin®
CD2AP*Z0O-1" mature podocyte cells. Mature podocyte
cells can be characterized by loss of the ability to proliferate
(i.e., cell division and growth) and arborized appearance
with foot projections (long processes).

The methods described above can be combined with
methods of differentiating Brachyury™ primitive streak cell
population from pluripotent stem cells (PSCs). In one
embodiment, a Brachyury™ primitive streak cell population
is obtained by differentiating pluripotent stem cells in a
pluripotent stem cell differentiation medium comprising a
Wnt/B-cadherin activating agent until the primitive streak
cell population is obtained. The Brachyury™ primitive streak
cell population can then be used in the production of
nephron progenitor cells, immature podocyte cells or mature
podocyte cells. In some embodiments, the differentiated cell
population comprises at least 90% cells expressing
brachyury. In some embodiments, at least 95% of cells in the
first cell population express brachyury. In further embodi-
ments, at least 98% of the cells express brachyury.

In some embodiments, before step (a) of the above-
mentioned method, the pluripotent stem cells are cultured
with the Wnt/p-catenin pathway activator for a sufficient
amount of time to initiate differentiation into intermediate
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mesoderm through the primitive streak. In some embodi-
ments, sufficient amount of time for step (a) is for a period
of about 23 hours or more, for example about 23 hours to
about 48 hours, e.g., about 23 hours, 24 hours, 25 hours, 26
hours, 27 hours, 28 hours, 32 hours, 36 hours, 40 hours, 44
hours, 48 hours, 50 hours, or other period of Wnt/p-catenin
pathway signaling activation from about 23 hours to about
48 hours to obtain a first cell population characterized by the
expression of one or more primitive streak markers, e.g.,
brachyury. In some embodiments, the cells express
brachyury or one or more intermediate mesoderm markers
(e.g. PAX2).

Pluripotent stem cell differentiation media and substrate
conditions for culturing pluripotent stem cells, as used in the
methods described herein, are well known in the art and
include media that allow for the growth and passage of PSCs
in culture. In some exemplary embodiments, a suitable
medium for use in PSC differentiation to brachyury+ primi-
tive streak cells includes, but is not limited to, DMEM, F12,
DMEM/F12 (1:1), DMEM/F12 (1:3), DMEM/F12 (3:1),
MEM, or other suitable medium.

As will be appreciated by those of ordinary skill in the art,
Wat/B-catenin signaling can be activated by modulating the
function of one or more proteins that participate in the
Wnt/B-catenin signaling pathway to increase [3-catenin
expression levels or activity, TCF and LEF expression
levels, or B-catenin/TCF/LEF induced transcriptional activ-
ity.

In some embodiments, activation of Wnt/f3-catenin sig-
naling is achieved by inhibiting Gsk3 phosphotransferase
activity or Gsk3 binding interactions. While not wishing to
be bound by theory, it is believed that inhibition of Gsk3
phosphorylation of f-catenin will inhibit tonic degradation
of f-catenin and thereby increase (-catenin’s level and
activity to drive differentiation of pluripotent stem cells to an
endodermal/mesodermal lineage. Gsk3 inhibition can be
achieved in a variety of ways including, but not limited to,
providing small molecules that inhibit Gsk3 phosphotrans-
ferase activity, RNA interference knockdown of Gsk3 (e.g.,
small interfering RNA), and overexpression of dominant
negative form of Gsk3. Dominant negative forms of Gsk3
are known in the art as described, e.g., in Hagen, T. et al.,
incorporated by reference in its entirety. Expression and
characterization of GSK-3 mutants and their effect on beta-
catenin phosphorylation in intact cells. J Biol Chem, 277,
23330-5 (2002), which describes a Gsk3 having a R96A
mutation.

In some embodiments, the Wnt/$-catenin signaling path-
way is activated by inhibiting Gsk3 in pluripotent stem cells
by contacting the pluripotent stem cells with a small mol-
ecule that inhibits Gsk3 phosophotransferase activity or
Gsk3 binding interactions. Suitable small molecule Gsk3
inhibitors include, but are not limited to, CHIR99021,
CHIR98014, BlO-acetoxime, BIO, LiCl, SB 216763, SB
415286, AR A014418, 1-Azakenpaullone, Bis-7-indolylma-
leimide, and any combinations thereof. In some embodi-
ments, any of CHIR99021, CHIR98014, and BIO-acetoxime
are used to inhibit Gsk3 in pluripotent stem cells in the
differentiation methods described herein. In one embodi-
ment, the small molecule Gsk3 inhibitor to be used is
CHIR99021 at a concentration ranging from about 3 uM to
about 9 uM, e.g., about 3 UM, 4 uM, 5 uM, 6 uM, 7 uM, 8
uM, 9 uM or another concentration of CHIR99021 from
about 3 uM to about 9 M. In another embodiment, the small
molecule Gsk3 inhibitor to be used is CHIR 98014 at a
concentration ranging from about 0.1 uM to about 1 pM,
e.g., about 0.1 uM, 0.2 uM, 0.3 uM, 0.4 uM, 0.5 uM, 0.6 pM,
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0.7 uM, 0.8 uM, 0.9 uM or another concentration of CHIR-
98014 from about 0.1 pM to about 1 puM. In another
embodiment, the small molecule Gsk3 inhibitor to be used
is BIO-acetoxime at a concentration ranging from about 0.1
uM to about 1 uM, e.g., about 0.1 uM, 0.2 uM, 0.3 uM, 0.4
uM, 0.5 pM, 0.6 uM, 0.7 uM, 0.8 uM, 0.9 uM or another
concentration of BIO-acetoxime from about 0.1 pM to about
1 uM.

In other embodiments, Gsk3 activity is inhibited by RNA
interference knockdown of Gsk3. For example, Gsk3
expression levels can be knocked-down using commercially
available siRNAs against Gsk3, e.g., SignalSilence® GSK-
3a/p siRNA (catalog #6301 from Cell Signaling Technol-
ogy®, Danvers, Mass.), or a retroviral vector with an
inducible expression cassette for Gsk3, e.g., a commercially
available Tet-inducible retroviral RNAi system from Clon-
tech (Mountain view, Calif.) Catalog No. 630926, or a
cumate-inducible system from Systems Biosciences, Inc.
(Mountain view, Calif.), e.g., the SparQ® system, catalog
no. QM200PA-2. In other embodiments, the Wnt/f}-catenin
signaling pathway is activated by overexpressing f$-catenin
itself, e.g., human f-catenin (GenBank Accession Nos:
X87838 and CAA61107.1 for nucleotide and protein
sequences, respectively). In one embodiment, f-catenin
overexpression is inducible f-catenin overexpression
achieved using, e.g., any inducible expression systems.
Alternatively, a constitutively active, stabilized isoform of
B-catenin is used, which contains point mutations S33A,
S37A, T41A, and S45A as described, e.g., in Baba, Y. et al.
Immunity 23, 599-609 (2005). Constitutively active
[-catenin confers multi-lineage differentiation potential on
lymphoid and myeloid progenitors.

In yet other embodiments, Wnt/f3-catenin signaling path-
way activation in pluripotent stem cells is achieved by
contacting the cells with an agent that disrupts the interac-
tion of B-catenin with Axin, a member of the (-catenin
destruction complex. Disruption of Axin-f-catenin interac-
tions allow f-catenin to escape degradation though the
destruction complex thereby increasing the net level of
p-catenin to drive P-catenin signaling. For example, the
Axin--catenin interaction can be disrupted in pluripotent
cells by contacting them with the compound 5-(Furan-2-yl)-
N-(3-(1H-imidazol-1-yl)propyl)-1,2-oxazole-3-carboxam-
ide (“SKL20017), which is commercially available, e.g., as
catalog no. 681667 from EMD4 Biosciences. An effective
concentration of SKI.2001 to activate Wnt/p-Catenin sig-
naling ranges from about 10 uM to about 100 uM, about 20
uM, 30 uM, 40 pM, 50 uM, 60 uM, 70 uM, 80 uM, 90 uM
or another concentration of SKI.2001 from about 10 uM to
about 100 pM.

In some embodiments, when the method begins with
PSCs, step (a) occurs after the end of the Wnt/B-catenin
pathway activation step, i.e., after about 2 days when the
Wnt/B-catenin pathway signaling activator is removed from
contact with the cultured cells. The brachyury* population is
cultured in the absence of external Wnt/f-catenin pathway
activators in chemically defined medium which does not
contain additional exogenous factors, including, but not
limited to, for example, growth factors (for example, bone
morphogenetic proteins (BMPs), vascular endothelial
growth factor (VEGF) or fibroblast growth factors (FGF)),
Activin, and retinoic acid (RA). In one embodiment, the
defined medium is free of growth factors, Activin and
retinoic acid. In another embodiment, the defined medium is
free of BMPS, VEGF, FGFs, Activin and RA. In suitable
embodiments, the defined medium is serum free.
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Typically, the cell populations obtained by the disclosed
methods comprise a very high proportion of PSC-derived
podocytes. Podocytes are identified by the presence of two
or more podocyte markers, e.g., (PAX2, WT1, nephrin,
synaptopodin, etc.). In some embodiments, the culture of the
PSC-derived podocytes results in a yield of cells of about
50% to about 99% podocytes, e.g., about 52%, about 55%,
about 67%, about 70%, about 72%, about 75%, about 80%,
about 85%, about 90%, about 95%, about 98%, without a
sorting or selecting step (e.g., FACS, MACS, etc.). The
methods can be used to produce both a population of
immature podocytes or mature podocytes. In some embodi-
ments, the culture of the PSC-derived immature podocytes
results in a yield of immature cells of about 50% to about
99% podocytes, e.g., about 52%, about 55%, about 67%,
about 70%, about 72%, about 75%, about 80%, about 85%,
about 90%, about 95%, about 98%, without a sorting or
selecting step (e.g., FACS, MACS, etc.). In some embodi-
ments, the culture of the PSC-derived mature podocytes
results in a yield of mature cells of about 50% to about 99%
podocytes, e.g., about 52%, about 55%, about 67%, about
70%, about 72%, about 75%, about 80%, about 85%, about
90%, about 95%, about 98%, without a sorting or selecting
step (e.g., FACS, MACS, etc.). In some embodiments, the
PSC-derived podocytes express two or more podocyte mark-
ers selected from the group consisting of PAX2, WTI,
P-cadherin, CD2AP, podocin, synaptopodin, nephrin and
70-1.

In some embodiments, PSC-derived immature or mature
podocytes express three or more markers, four or more
markers, five or more markers, six or more markers, seven
or more markers, or all eight of the markers selected from
the group consisting of PAX2, WT1, P-cadherin, CD2AP,
podocin, synaptopodin, nephrin and ZO-1.

In some embodiments, at least 75% of PSC-derived
immature podocyte cells produced by the methods described
above express two or more of the podocyte markers selected
from the group consisting of PAX2, WT1, P-cadherin,
CD2AP, podocin, synaptopodin, nephrin and ZO-1, alterna-
tively at least 80%, alternatively at least 85%, alternatively
at least 90%, alternatively at least 95%, alternatively at least
98%, alternatively at least 99% of the PSC-derived podocyte
progenitor populations produced by the methods described
above express two or more of the podocyte markers selected
from the group consisting of PAX2, WTI1, P-cadherin,
CD2AP, podocin, synaptopodin, nephrin and ZO-1. In some
embodiments, at least about 75%, alternatively about 80%,
alternatively about 85%, alternatively about 90%, alterna-
tively at least 95%, alternatively at least 98%, alternatively
at least 99% of the PSC-derived immature podocytes pro-
duced by the methods described above express the podocyte
markers PAX2, WT1, and nephrin. In some embodiments, at
least about 75%, alternatively about 80%, alternatively
about 85%, alternatively about 90%, alternatively at least
95%, alternatively at least 98%, alternatively at least 99% of
the PSC-derived nephron progenitors produced by the meth-
ods described above express the podocyte markers PAX2,
WT1, nephrin and synaptopodin. In another embodiment, at
least about 75%, alternatively about 80%, alternatively
about 85%, alternatively about 90%, alternatively at least
95%, alternatively at least 98%, alternatively at least 99% of
the PSC-derived mature podocyte produced by the methods
described above express the podocyte markers PAX2, WT1,
P-cadherin, CD2AP, podocin, synaptopodin, nephrin and
Z0-1.

Suitable time for step (a)-(c) to produce PSC-derived
immature podocytes includes at least 10 days, alternatively
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at least 16 days, alternatively at least 20 days, and includes
periods of time greater than 10 days, for example, 11 days,
12, days, 13 days, 14 days, 16 days, 17 days, 18 days, 19
days, 20 days, 21 days, etc.

The PSC-derived immature podocytes of the present
methods can be further differentiated into mature, non-
differentiating podocytes by subsequent incubation at a
differentiation-permissive temperature, for example, 37° C.
Mature podocytes can be characterized by losing expression
of SIX2 but maintaining expression of the other podocyte
markers, e.g., WT1", nephrin*, podocin*, PAX2, etc. Phe-
notypically, mature podocytes have lost their ability to
proliferate and demonstrate an arborized appearance with
foot projections.

As disclosed herein, in some embodiments of the methods
for differentiating nephron progenitors or podocytes from
PSCs, the culturing steps can be conducted without includ-
ing exogenous growth factors and the cultures can be
completely chemically-defined. Specifically, both culturing
conditions of step (a), (b) and (c) can be chemically-defined
and the culture conditions are free of one or more exogenous
factors for example, growth factors, including, but not
limited to, bone morphogenetic proteins (BMPs), vascular
endothelial growth factor (VEGF), or fibroblast growth
factor (FGF). Additionally the culture conditions may be
free of additional exogenous factors, including Activin and
retinoic acid (RA),

In some embodiments of this and other aspects described
herein, the pluripotent stem cells and/or differentiating cells
can be cultured as adherent cells during the culturing steps.
While not necessary, it can be desirable to provide a cell
culture environment that mimics the environment of the
kidney. In some embodiments, the cells can be cultured on
a solid substrate surface coated with at least one extracel-
lular matrix wherein the cells in culture are associated with
the matrix. Examples of suitable extracellular matrices,
include, but are not limited to, laminin, collagen, fibronectin,
vitronectin, hyaluronic acid, peptides, gelatin, Matrigel®,
decellularized matrix, and a combination of one or more of
the above. In some embodiments, the surface may be coated
with decellularized matrix produced by glomerular endothe-
lial cells. Other suitable substrates on which to culture the
cells include, but are not limited to, Matrigel®substrate (BD
Bioscience, NJ), Synthemax® surfaces (Corning), and vit-
ronectin-coated surfaces.

Suitable substrate surfaces can also be provided as part of
any cell- or tissue culture device, including, but not limited
to, transwell, a microwell, a microfluidic device, a bioreac-
tor, a culture plate or any combination thereof. In some
embodiments, the podocytes can be included in a 3D print-
ing system to generate artificial kidney tissue. In another
embodiment, the microfluidic device may be an organ-on-
a-chip device.

In some embodiments, the cells may be grown in asso-
ciation with an engineered 3D substrate or on a chip to
reconstitute kidney glomerular/capillary-wall function for in
vitro studies. Conventional tissue culture conditions fail to
reproduce the structural and functional characteristics of the
glomerulus. Therefore, suitable 3D substrates including 3D
printed substrates, porous membranes, and chips may be
used in combination with other cell types, e.g., endothelial
cells, to recapitulate the cell-cell interactions within the
glomerulus. In one embodiment, the substrate may be a
synthetic tissue scaffold that may, in some instances, com-
prise a biopolymer. Suitable embodiments may provide a
synthetic tissue scaffold and a population of PSC-derived
podocytes distributed therein, wherein the PSC-podocytes
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are made by the methods described herein. In some embodi-
ments, the synthetic tissue scaffold may include one or more
kidney-associated cells distributed in the biopolymer in
addition to the podocytes. Suitable kidney-associated cells
include, but are not limited to, for example, endothelial cells,
mesangial cells, epithelial cells, smooth muscle cells or
myocytes, granular cells, parietal cells, loop of Henle thin
segment cells, proximal tubular cells, duct cells, connective
tissue fibroblasts, pericytes, and a combination of two or
more thereof.

The PSC-derived podocytes produced by the methods
herein can be used for various applications including, for
example, but not limited to, in vitro models for kidney/
glomerular disorders, therapeutic applications, e.g., tissue
regeneration and/or repair or transplantation, drug discovery
and/or development, and tissue engineering.

Therapeutic use of the cultured podocytes described
herein include any diseases in which podocytes dysfunction,
for example, the treatment of chronic kidney diseases,
glomerular disease and end-stage renal diseases.

Chronic kidney disease (CKD), also called chronic kidney
failure, is characterized by the gradual loss of kidney func-
tion. When chronic kidney disease reaches an advanced
stage, dangerous levels of fluid, electrolytes and wastes can
build up in your body. Treatment for chronic kidney disease
focuses on slowing the progression of the kidney damage,
usually by controlling the underlying cause. Chronic kidney
disease can progress to end-stage kidney failure, often called
end-stage renal disease (ESRD) which is fatal without
artificial filtering (dialysis) or a kidney transplant. One of the
major causes of CKD is glomerular diseases.

Glomerular diseases include many conditions with a
variety of genetic and environmental causes, but they fall
into two major categories, glomerulonephritis (the inflam-
mation of the membrane tissue in the kidney that serves as
a filter, separating wastes and extra fluid from the blood),
and glomerulosclerosis (scarring or hardening of the tiny
blood vessels within the kidney). Many glomerular diseases
are due to a spectrum of podocytopathies (disorders of the
podocyte). Diabetes and hypertension are leading causes of
CKD and have associated podocyte injury and depletion.

Since podocyte injury is common to all glomerular dis-
eases and podocyte depletion is associated with rapidly
progressive kidney disease and the development of ESRD,
many of these diseases may be treated by administration of
podocytes differentiated by these methods. Suitable kidney
diseases that may be able to be treated using the in vitro
differentiated podocytes include, but are not limited to,
chronic kidney disease, including, but not limited to, for
example, congenital nephrotic syndrome, diffuse mesangial
sclerosis, and Alport syndrome, and glomerular diseases.
ESRD may also be treated using the podocytes differentiated
by the methods described herein.

In some embodiments, the present disclosure provides
methods of treating a subject having disease associated with
dysfunctional podocytes, the method comprising adminis-
tering to the subject an effective amount of podocytes
produced by the methods described herein to treat the
subject having the disease. In one embodiment, the disease
is CKD or a glomerular disease. In another embodiment, the
disease is end stage renal disease.

The term “treating” or “treatment” includes, but is not
limited to, reducing, inhibiting or preventing one or more
signs or symptoms associated with the disease or disorder.
For example, treating CKD or a glomerular disease include,
for example, but are not limited to, providing functional
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podocytes and improving one or more symptom associated
with CKD or glomerular disease (e.g., restoring partial
kidney function).

Pluripotent stem cells (PSCs) suitable for the differentia-
tion methods described herein include, but are not limited to,
hESCs, human induced pluripotent stem cells (hiPSCs)
non-human primate embryonic stem cells (nhpESCs), non-
human primate induced pluripotent stem cells (nhpiPSCs).
The examples below show the ability to produce human
podocytes from both human hESCs and hiPSCs. In a pre-
ferred embodiment, the methods use hPSCs, including both
hESCs and hiPSCs.

In some embodiments, at least 70% or higher, including,
e.g., at least about 80% or more, at least about 90% or more,
at least about 95% or more (up to 100%) of the pluripotent
stem cells can be differentiated into podocytes.

Podocytes of the present invention can be cryopreserved
at any time during the culture process, and the differentiation
can be resumed after the cells are thawed. Cryopreservation
media are known in the art. Further, immature podocytes
made by the described method may be cryopreserved, and
later thawed to proliferate and expand in culture when
required.

In some embodiments, kits for carrying out the methods
of the present disclosure are provided. For example, a kit for
culturing podocytes from pluripotent stem cells is provided.
Such kits may include (a) a pluripotent stem cell differen-
tiation medium, and (b) a nephron progenitor medium. In
some embodiments, the kit may include (a) a pluripotent
stem cell differentiation medium and a Wnt/f-catenin acti-
vator, for example a Gsk3 inhibitor, and (b) a nephron
progenitor medium. The kit may further comprise (c) a
podocyte differentiation medium and optionally B-27®. In
another embodiment, the kit may include (a) a nephron
progenitor medium and (b) a podocyte differentiation
medium and optionally B-27®.

Additionally, instructions on how to culture cells are
provided. In some embodiments, pluripotent stem cells that
can be used for the methods are also provided in the kit.
Further in some embodiments, the kits may further comprise
a solid substrate on which to grow the cells, the substrate
may or may not be coated with a suitable material to
promote cell adhesion, e.g., extracellular matrix proteins.

The present invention has been described in terms of one
or more preferred embodiments, and it should be appreciated
that many equivalents, alternatives, variations, and modifi-
cations, aside from those expressly stated, are possible and
within the scope of the invention.

The invention will be more fully understood upon con-
sideration of the following non-limiting examples.

EXAMPLES

Example 1: Differentiation of hPSC-Derived
Podocytes

This example demonstrates a facile method to differenti-
ate hPSCs into podocytes by small molecule activation of
Wt signaling and subsequent culture in podocyte-permis-
sive media. In this method, hPSCs are first differentiated into
primitive-streak mesoderm and intermediate mesoderm,
then the differentiated cells progress to podocyte progenitors
and immature podocytes and finally into mature podocytes
that express key podocyte-related proteins, including PAX2,
WT1, nephrin and synaptopodin. These hPSC-derived podo-
cytes also exhibit podocyte phenotypes, including albumin
uptake, and cell death upon TGF-f1 stimulation. This dif-
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ferentiation method has the potential to generate quantities
of podocytes for disease modeling, drug screening, and
development of podocyte cell therapies.

Wnt Activation Directs hPSCs to Primitive Streak and
Intermediate Mesoderm

Most cells forming the kidney, including podocytes, origi-
nate from intermediate mesoderm>'. Wnt signaling plays an
important role in the development of mesodermal lineages
and induction of canonical Wnt signaling has been used to
direct hPSC differentiation into mesoderm>*>*. For
example, a prior study showed that treatment of undiffer-
entiated hPSCs with 6 pM CHIR99201, a GSK3§ inhibitor,
in a serum-free and albumin-free medium generated a uni-
form population of cells expressing primitive streak markers
after 24 hours®. Thus, as a first step toward differentiating
hPSCs into podocytes, induced hPSCs (iPSCs) were seeded
on a Matrigel®-coated surface at a density of ~2x10*
cells/cm® in mTeSR®1. After 3 days of expansion to a
density of 6x10* cells/cm?, the hPSCs were treated with 6
uM CHIR99201 for 48 hr in serum-free and albumin-free
podocyte medium 1 (PM1: DMEM/F12, 1% MEM-NEAA,
0.5% GlutaMAX, 0.1 mM f-mercaptoethanol) (FIG. 1A).
Before initiating differentiation at day 0, expression of
pluripotent markers OCT4, NANOG and TRA-1-60 was
validated by immunofluorescence (FIG. 1B-D). After 24 hr
treatment with CHIR99201, the cells uniformly expressed
the primitive streak marker brachyury, which localized to the
nucleus with nearly 100% positive population (FIG. 1E, 1F).
As expected, brachyury expression was transient, disappear-
ing after day 3 (FIG. 1G). After 48 hr CHIR99201 treatment
in PM1, the medium was switched to serum-free podocyte
medium 2 (PM2: human endothelial serum-free medium
(hESFM), 2% B-27®) and cultured to day 16. The kinetics
of primitive streak induction were assessed by immunofiuo-
rescence and qRT-PCR. The primitive streak gene MIXL1
reached peak expression at 24 hour and then was undetect-
able after day 4 (FIG. 1H, I). At day 4, nearly 100% of the
cells expressed the intermediate mesoderm marker PAX2,
which localized to the nucleus (FIG. 1J]). Expression of the
pluripotency gene POUSF1 dramatically decreased after
initiation of differentiation (FIG. 1K).

Primitive Streak Cells Progress to Podocyte Progenitors

At day 6, immunofluorescence analysis indicated that the
differentiating cells possessed nuclear localization of
nephron progenitor proteins PAX2, WT1 and SIX2 (FIG.
2A, B). Both PAX2 and WT1 are expressed in nephron
progenitors and mature podocytes, while SIX2 is transiently
expressed in nephron progenitors®®. At day 6 over 90% of
the cells expressed PAX2, WT1 and SIX2, as determined by
flow cytometry (FIG. 2C). By qRT-PCR, PAX2 and WT1
expression gradually increased through day 5 and remained
expressed through day 16 of differentiation. SIX2 expres-
sion peaked at day 7 and then decreased afterwards (FIG.
2D).

Although we observed cells expressing podocyte markers
in the growth factor-free PM2 medium, BMP4 and
BMP7%7%°| retinoic acid (RA)** *' and FGF2* have pre-
viously been shown to be involved in kidney development.
Thus we examined whether addition of these factors would
alter the conversion of iPSCs to nephron progenitors. After
2 days of canonical Wnt pathway activation by CHIR99021,
cells were treated with different combinations of BMP7, RA,
and FGF2 from day 2 to day 6 (FIG. 3A) in PM2 after which
we assessed whether these factors enhanced specification of
primitive streak cells to WT1" nephron progenitors by
Western blot. The Western blot data show that cells differ-
entiate from primitive streak cells by progressing into WT1+
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podocyte precursors at day 6. Unexpectedly, the results
showed the greatest WT1 expression in the absence of
exogenous BMP7, RA, or FGF2 (FIG. 3B, C). Highest WT1
expression level with added factors was about 70% of WT1
in the absence of exogenous BMP7, RA and FGF2 (FIG. 3B,
C), so subsequent experiments were performed in the
absence of these 3 factors.

Since WT1 expression was observed in the absence of
exogenous BMPs, Wnt activation-induced endogenous
BMP signaling was investigated. In the absence of dorso-
morphin, which inhibits BMP type I receptors and blocks
BMP-induced SMAD1/5/8 phosphorylation, the
CHIR99021-treated cells exhibited high levels of phospho-
rylated SMAD1/5/8 (P-SMAD) at day 3 (FIG. 3D). How-
ever, when dorsomorphin was added from days 1-3 of
differentiation, SMAD phosphorylation was completely
inhibited at dorsomorphin concentrations higher than 5 pM.
When dorsomorphin was added after removal of
CHIR99021 (from day 3 to day 4), SMAD phosphorylation
at day 4 was unaffected (FIG. 3E). Endogenous BMP7 was
confirmed by immunofluorescence and Western blot with
cells at differentiation day 1 and day 2 (FIG. 3F, G).

We then tested if dorsomorpin treatment inhibited
nephron progenitor differentiation to assess whether endog-
enous BMP production plays a role in podocyte specifica-
tion. Cells were analyzed for PAX2 and WT1 expression by
flow cytometry at day 16 of differentiation. Cells treated
with 1 pM dorsomorphin from day 1 to day 3 differentiated
to WT1 and PAX2-expressing cells, although the expression
level was significantly lower than the untreated control
(FIG. 3H, I). Together these results suggest that while Wnt
activation is sufficient to differentiate hPSCs into podocytes
progenitors, endogenous BMP7 signaling may also play a
role.

Nephron Progenitors Become Mature Podocytes

Nephron progenitors differentiated as shown in FIG. 1A
were characterized for acquisition of podocyte markers
throughout the differentiation process by both qRT-PCR and
Western blot. CDH3 (P-cadherin), SYNO (synaptopodin)
and TJP1 (ZO-1) expression gradually increased during the
16 day differentiation process (FIG. 7). WT1 protein was
first detected at day 6 and was significantly more abundant
at day 16 (FIG. 4A). P-cadherin is a cell-cell adhesion
molecule that maintains the integrity of epithelial tissues**
and is expressed in hPSCs**. P-cadherin expression slightly
decreased after iPSCs progressed to primitive streak and
intermediate mesoderm at day 3 of differentiation (FIG. 4B).
P-cadherin expression then increased and remained rela-
tively constant from days 6-16. Both synaptopodin and
nephrin are involved in the formation of the slit dia-
phragm*® #7. During the differentiation process, synaptopo-
din was expressed at day 10 and afterwards, while signifi-
cant nephrin expression was detected at day 6 and
expression increased through day 16 (FIG. 4C). Immuno-
fluorescence images were acquired at day 16 to show the
localization of the key podocyte proteins (FIG. 4D).

Nearly 100% of the day 16 IMR90-4 iPSC-derived podo-
cytes expressed key podocyte proteins, including PAX2,
WT1, P-cadherin, podocin, synaptopodin, CD2AP, nephrin
and ZO-1, demonstrating the production of virtually pure
podocytes from iPSCs (FIG. 4E). We also compared the
expression of key podocyte proteins between hPSC-derived
podocytes and human primary podocytes. Most major podo-
cyte proteins, including PAX2, WT1, podocin, synaptopo-
din, ZO-1, CD2AP and nephrin were also expressed by
primary podocytes. However, in the primary podocytes, the
WT1 was not exclusively localized to the nucleus while
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P-cadherin expression was not detected, nor did we detect
significant expression of WT1 or P-cadherin in primary
podocytes by western blot (FIG. 8A-8B).

We then tested the differentiation protocol illustrated in
FIG. 1A in two additional hPSC lines. At day 16, nearly
100% of the cells differentiated from both H9 hESCs and
19-9-11 iPSCs expressed key podocyte proteins, including
PAX2, WT1, P-cadherin, ZO-1, CD2AP, podocin, synap-
topodin, and nephrin (FIG. 9A-D). To further define the
differentiation system, we also tested podocyte differentia-
tion on defined substrates, Synthemax® and vitronectin, as
replacements for Matrigel®. Almost 100% of the cells
differentiated on both Synthemax®- and vitronectin-coated
surfaces showed high expression of podocyte proteins, simi-
lar to differentiation on Matrigel® (FIG. 10A-D). For
IMR90-4 iPSC line, we performed the optimized differen-
tiation process more than 30 times. For both H9 ESCs and
19-9-11 iPSCs, we performed the experiments at least three
independent times. For differentiation on Synthemax- and
vitronectin-coated surfaces, we performed experiments at
least three times.

hPSC-Derived Podocytes Exhibit Key Podocyte Pheno-
types

Given the marker expression profile characteristic of
podocytes, we examined several podocyte phenotypes at day
16. Nephron progenitors are proliferative and exhibit a
cobblestone-like morphology in primary cell culture®®.
IMR90-4 iPSC-derived nephron podocytes exhibited a
cobblestone-like shape at day 6 of differentiation (FIG. 5A),
very similar to the morphology of primary human podocytes
under standard culture conditions (FIG. 11A). After 16 days,
these iPSC-derived podocyte cells formed a monolayer of
large arborized cells exhibiting prominent thin processes
(FIG. 5 B,C), consistent with the morphology of cultured
immortalized fully differentiated podocytes'®. The primary
cells obtained did not exhibit widespread cell body and thin
process.

Similarly, IMR90-4 iPSC-derived podocytes lost prolif-
erative capacity during differentiation, as determined by
Ki-67 staining, after day 12 of the differentiation. By day 22
only about 10% of cells expressed Ki-67 (FIG. 5D). At day
16, 70+£10 podocytes were produced per undifferentiated
iPSC at day 0, indicating substantial expansion during the
differentiation process. Thus, by day 16 of differentiation,
the iPSCs have progressed through a nephron progenitor
stage to non-proliferative cells expressing hallmark podo-
cyte markers.

Podocytes uptake albumin via endocytosis and degrade
albumin in lysosomes>2~>. We assessed the ability of day 16
iPSC-derived podocytes to endocytose Alexa Fluor 555-
labeled albumin in a temperature-dependent manner. At 37°
C., the iPSC-derived podocytes contained extensive fluo-
rescence in intercellular vesicles, while the cells at 4° C.,
where endocytosis is inhibited, did not incorporate albumin
(FIG. SE). We further confirmed temperature-dependent
albumin uptake in human primary podocytes (FIG. 11B).
Next, angiotensin II (Ang II) induces podocyte damage and
glomerular disease in part by altering cytoskeletal structure
and inducing contractility>*. To examine the effects of Ang
II, we treated day 16 iPSC-derived podocytes with 500
ng/ml Ang II for 6 hr. Ang Il-treated cells displayed a
reorganized actin morphology compared to untreated cells
(FIG. 6A, indicated with white arrows). Over 50%, of the
IMR90-4 iPSC-derived podocytes exhibited peripheral actin
upon Ang II stimulation, while only about 20% of control
cells exhibited peripheral actin (FIG. 6B). Finally, TGF-f1
induces cell death in primary and immortalized
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podocytes®>*®. Hence, we tested the effects of TGF-f1
treatment on day 16 IMR90-4 iPSC-derived podocyte viabil-
ity. iPSC-derived podocytes exposed to 5 or 50 ng/mL
TGF-f1 for 24 hr exhibited a significantly higher percentage
of dead cells than the control (15% vs. 2%) as assessed by
trypan blue uptake (FIG. 6C). Taken together, iPSC-derived
podocytes display phenotypes that have been described for
terminally differentiated podocytes.

Discussion

In this Example, we demonstrate a simple method to
differentiate hPSCs into terminally-differentiated podocytes
in a defined system. After treatment with the small molecule
GSK3 inhibitor CHIR99021, hPSCs differentiate in a devel-
opmentally-relevant progression from the pluripotent stage
through primitive streak-like cells, nephron progenitors and
eventually to mature podocytes that express key podocyte
proteins, including PAX2, WT1, podocin, synaptopodin and
nephrin. Fully differentiated podocytes do not proliferate
significantly in vivo or in vitro®”. Likewise, hPSC-derived
podocytes lost proliferative capacity after day 16 of differ-
entiation. Importantly, hPSC-derived podocytes exhibit key
podocyte phenotypes, including actin reorganization upon
Ang II stimulation, albumin uptake and induction of cell
death upon TGF-f1 treatment. This differentiation protocol
employs a defined system, including serum-free culture
medium as well as a defined extracellular matrix. Defined
systems generally enhance reproducibility and facilitate
production of cells for therapeutic applications®® >°.

In vivo, the majority of cell types forming the kidney,
including podocytes, originate from intermediate meso-
derm®*. Canonical WNT signaling activation has been
shown to play an important role in the differentiation of
hPSCs into intermediate mesoderm®®~3”. Previously, several
studies have shown that Wnt pathway activation combined
with BMP4, BMP7, RA and FGF2 treatment is essential to
differentiate hPSCs into podocytes®****2, We determined
that application of 6 uM CHIR99021 alone, in a podocyte
permissive medium, was sufficient to direct three different
hPSC lines into intermediate mesoderm that then became
nephron progenitors and eventually virtually pure popula-
tions of mature podocytes as assessed by flow cytometry for
podocyte markers. We also found that BMP7, RA or FGF2
treatment actually diminished WT1 expression in the hPSC-
derived podocytes. Moreover, in the differentiation process
described here, BMP7 was endogenously expressed and
SMAD1/5/8 activated in the differentiating hPSCs. Treat-
ment with the BMP inhibitor dorsomorphin dramatically
decreased podocyte differentiation efficiency, suggesting
this endogenous BMP signaling is necessary for podocyte
specification. This finding is consistent with a prior report
that canonical Wnt signaling activates the BMP pathway in
skeletal myoblasts by inducing BMP4 expression®®. While it
is not clear why BMP7 addition reduced WT1 expression,
autocrine or paracrine BMP signaling appears to be neces-
sary for podocyte specification in our differentiation process,
perhaps induced as a consequence of Wnt pathway activa-
tion®!, obviating the need for exogenous BMP ligands, as
required by all other reported podocyte differentiation pro-
tocols. Compared to previous podocyte differentiation pro-
tocols®*?23*2 although all these methods are very straight-
forward and simple, the differentiation process described
here does not require BMP7, FGF2, and RA. With fewer
growth factors or small molecules in the differentiation, it is
potentially simpler to troubleshoot and adapt to different
applications, including generating clinical-grade podocytes
for disease modeling and drug screening.
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Compared to human primary podocytes, which are non-
proliferative in vitro, hPSCs can be used to generate large
quantities of healthy or patient-specific human podocytes for
disease modeling, drug screening, and development of cell-

22

ng/mL vitronectin). At day 10, reaching confluence, cells
were split again at the ratio of 1:3. Cells were cultured in
PM2 after differentiation day 2 and medium was changed
every day for the first 10 days. After day 10, medium was

based therapies. Podocytes have limited capacity for repair 5 replaced every other day.
or regeneration; thus, podocyte loss is a central feature of Immunochemistry
many forms of progressive CKD. hPSC-derived podocytes Cells were rinsed with ice-cold PBS once and fixed with
represent an attractive modality to study podocyte injury 4% paraformaldehyde (PFA, Electron Microscopy Sciences)
compared to primary cultures of podocytes which lack for 15 min. Cells were then blocked with 10% goat serum
proliferation capacity in vitro. In this way, hPSC-derived 10 (Thermo Fisher) in PBS (SigmaAldrich) containing 0.3%
podocytes could be used to study human glomerular diseases Triton-X100 (Fisher Scientific) for 30 min (10% PBSGT).
and for screening effects of drugs on glomeruli in vivo. Primary antibodies were diluted in 10% PBSGT and cells
hPSC-derived podocytes also have been shown to reconsti- were incubated in the antibody solutions at 4° C. overnight
tute kidney glomerular-capillary-wall function on a micro- or at room temperature for 2 hr. After three PBS washes,
fluidic chip and this platform may have personalized-medi- 15 cells were incubated with secondary antibodies in 10%
cine applications for diseases due to inherited deficiencies of PBGST (goat anti-rabbit Alexa Fluor 594 (Invitrogen) and
podocyte genes>>. hPSC-derived podocytes have been trans- goat anti-mouse Alexa Fluor 488 (Invitrogen) 1:200) for 1 hr
planted into mouse kidneys and integrated with at room temperature. Cells were then washed with PBS three
glomeruli**-°2, indicating their potential importance in trans- times followed by treatment with DAPI fluoromount-G
plantation and kidney regeneration applications. The podo- 20 (Southern Biotech) and visualized. A list of antibody sources
cyte differentiation approach reported here utilizes fully and dilutions is provided in Table 1.
defined system and allows the robust generation of podo- Western Blot Assay
cytes, which can potentially be used for such modeling and Cells were dissociated with Accutase® and rinsed with
cell therapy applications. PBS twice before being lysed with RIPA (ROCKLAND) in
Materials and Methods 25 the presence of 1% Halt Protease and Phosphatase Inhibitor
hPSC Culture and Differentiation Cocktail (Pierce). Protein concentration was determined by
hPSCs (iPS(IMR90)-4,° iPS-DF 19-9-11T,°" hESCs a BCA assay kit (Thermo Fisher) according to manufactur-
(H9)%%) were maintained on Matrigel®-coated (Corning) er’s instructions. Samples containing 30 ug of total protein
surfaces in mTeSR®1 (STEMCELL Technologies) as pre- were loaded onto pre-cast 10% Tris-Glycine SDS/PAGE
viously described.®® Before differentiation, hPSCs were sin- 30 gels (Invitrogen) under denaturing conditions and trans-
gularized with Accutase® (Innovative Cell Technologies) ferred to a nitrocellulose membrane. After blocking with 5%
and plated onto (Corning)-coated (or 25 pg/ml Synthe- non-fat milk in TBST, the membrane was incubated with
max®, or 5 pg/ml vitronectin (Thermo Fisher)) plates at a primary antibody (Table 1) overnight at 4° C. The membrane
density of ~2x10* cells/cm® in mTeSR®1 supplemented was then washed, incubated with an anti-mouse/rabbit per-
with 10 uM ROCK inhibitor Y-27632 (Selleckchem). hPSCs 35 oxidase-conjugated secondary antibody (Table 1) for 1 hr at
were expanded in mTeSR®1 for three days. At day O, room temperature or overnight at 4° C., and developed by
differentiation was initiated by treating cells with 6 M SuperSignal chemiluminescence (Pierce).
CHIR99021 (Selleckchem) in podocyte medium 1 (PM1): Flow Cytometry
DMEM/Ham’s F12 (Thermo Fisher), 100xMEM nonessen- Cells were dissociated with Accutase® and fixed in 1%
tial amino acids (Thermo Fisher), 200x GlutaMAX (Thermo 40 PFA for 15 min at room temperature, then washed with 0.5%
Fisher), and 0.1 mM p-mercaptoethanol (Sigma) for 2 days. BSA (Bio-Rad) plus 0.1% Triton-X100 three times. Cells
After 48 hr, medium was changed to podocyte medium 2 were stained with primary and secondary antibodies diluted
(PM2): human Endothelial Serum-Free Medium (hESFM) in 0.5% BSA plus 0.1% Triton-X 100 as described.** Data
(Thermo Fisher) supplemented with 50x B-27®. After 4 were collected on a FACS Caliber flow cytometer (Beckton
days of culture in PM2, day 6 cells were dissociated with 45 Dickinson) and analyzed using FlowJo®. Corresponding
Accutase® and plated at 1:6 ratio (approximately 4x10* isotype antibodies were used as FACS gating control.
cells/cm?) in PM2 onto 12-well tissue culture plates coated Details about antibody source and usage are provided in
with 100 pg/ml Matrigel® (or 25 pg/ml Synthemax®, or 5 Table 1.
TABLE 1
Antibodies used in this study
Antibody Vendor Cat. NO. Fixation  Dilution Buffer
Brachyury R&D AF2085 4% PFA  1:200 IF, WB 1% BSA
PAX2 Santa Cruz sc-377181 4% PFA  1:200 IF 10% PBSG
WTI1 Santa Cruz sc-192 4% PFA  1:250 IF, WB  10% PBSG
P-cadherin Santa Cruz sc-33635 4% PFA 1:100 IF, WB  10% PBSG
Synaptopodin ~ Santa Cruz Sc-50459 4% PFA  1:200 IF, WB  10% PBSG
Podocin Abcam Ab50339 4% PFA  1:200 IF, WB  10% BSA
Nephrin Abcam Ab72908 4% PFA  1:500 WB 5% milk
CD2AP Santa Cruz SC-9137 4% PFA  1:100 IF 10% PBSG
SIX2 Proteintech 11562-1-AP 4% PFA  1:200 IF 10% PBSG
Z0-1 Invitrogen 402200 4% PFA  1:200 IF 10% PBSG
Ki67 BD 550609 4% PFA  1:100 IF 10% PBSG
OCT3/4 Santa Cruz 55279 4% PFA  1:100 IF 10% PBSG
TRA-1-60 Santa Cruz sc-21705 4% PFA  1:100 IF 10% PBSG
NANOG Santa Cruz §c-374001 4% PFA  1:100 IF 10% PBSG
B-actin Cell signaling  5125s 1:2000 WB 5% milk



US 12,024,721 B2

23
TABLE 1-continued

Antibodies used in this study

Antibody Vendor Cat. NO. Fixation  Dilution Buffer
P-SMAD Cell signaling 13820 1:1000 WB 5% BSA
SMAD Cell signaling 6944 1:1000 WB 5% milk
BMP7 Abcam AbS4904 4% PFA  1:100 IF 10% PBSG
o 10
Quantitative RT-PCR
Total RNA was extracted with the RNeasy® mini kit
(QIAGEN) and treated with DNase (QIAGEN). 1 pg total
RNA was reverse transcribed into ¢cDNA using Oligo (dT)
primer with Superscript™ III Reverse Transcriptase (Invit-
rogen). Real-time quantitative PCR was done in triplicate
with iIQTMSYBR® Green SuperMix (Bio-Rad). GAPDH
was used as an endogenous housekeeping control. Primer
sequences are provided in Table 2.
TABLE 2
gPCR primers used in this study.
Primer Product

Gene name length length
GAPDH 207
Forward CTGATTTGGTCGTATTGGGC (SEQ ID NO: 1) 20
Reverse TGGAAGATGGTGATGGGATT (SEQ ID NO: 2) 20
POUSF1 120
Forward GTGGAGGAAGCTGACAACAA (SEQ ID NO: 3) 20
Reverse ATTCTCCAGGTTGCCTCTCA (SEQ ID NO: 4) 20
MIXL1 130
Forward GGCGTCAGAGTGGGARATCC (SEQ ID NO: 5) 20
Reverse GGCAGGCAGTTCACATCTACC (SEQ ID NO: 6) 21
PAX2 92
Forward TCAAGTCGAGTCTATCTGCATCC (SEQ ID 23

NO: 7)
Reverse CATGTCACGACCAGTCACAAC (SEQ ID NO: 8) 21
WT1 142
Forward TCGGCTTACGGGTCGTTG (SEQ ID NO: 9) 18
Reverse TGAAGGCGCTCAGGCACT (SEQ ID NO: 10) 18
SIX2 247
Forward AGCGGCAAGTCGGTGTTAG (SEQ ID NO: 11) 19
Reverse GGTTGGCTGACATGGGGTT (SEQ ID NO: 12) 19
TJPL 128
Forward ACCAGTAAGTCGTCCTGATCC (SEQ ID 21

NO: 13)
Reverse TCGGCCAAATCTTCTCACTCC (SEQ ID NO: 14) 21
CDH3 121
Forward TGGAGATCCTTGATGCCAATGA (SEQ ID 22

NO: 15)
Reverse GCGTCCAGATCAGTGACCG (SEQ ID NO: 16) 19
SYNPO 89
Forward CCGCAAATCCATGTTTACTT (SEQ ID NO: 17) 20
Reverse GCTTCTCATCCGCTGTCTGT (SEQ ID NO: 18) 20

24
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Albumin Uptake Assay

Differentiated podocytes at day 16 were incubated with
the Alexa Fluor™ 555 conjugated albumin (Thermo Fisher)
at 500 pg/mL for 1 hr at 37° C. The cells incubated with
same concentration of albumin at 4° C. were used as a
control. The cells were then rinsed with ice-cold PBS three
times and fixed with 4% PFA. Nuclei were counterstained
with DAPI and visualized.

Contractility Assay and Apoptosis Assay

Differentiated podocytes at day 16 were treated with 500
ng/ml Ang II for 6 hr or 2 ng/ml TGF-f1 for 24 hr. After 6
hr, the cells treated with Ang II were fixed with 4% PFA and
stained with DyLight® conjugated phalloidin (Thermo
Fisher). Nuclei were counterstained with DAPI and visual-
ized. The cells treated with TGF-f1 after 24 hr were
assessed by counting dead cells with trypan blue exclusion.

Statistics

Data are presented as meansstandard error of the mean
(SEM). Statistical significance was determined by Student’s
t-test (two-tail) between two groups. P<0.05 was considered
statistically different.

Example 2: Podocytes Proliferate and are
Maintained in Culture for Extended Time

Podocytes were maintained and passaged in culture as
described in Example 1. As demonstrated in FIG. 12,
podocytes maintained their podocyte characteristics (e.g.,
positive expression for podocin, P-cadherin, nephrin and
synaptopodin) for at least for 30 days in culture as shown by
surface staining. Podocytes were able to be maintained in
culture for up to 60 days (data not shown).
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 18

<210> SEQ ID NO 1

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223 > OTHER INFORMATION: synthetic

<400> SEQUENCE: 1

ctgatttggt cgtattgggc 20

<210> SEQ ID NO 2

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 2

tggaagatgg tgatgggatt 20

<210> SEQ ID NO 3

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 3

gtggaggaag ctgacaacaa 20

<210> SEQ ID NO 4

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 4

attctccagg ttgcctctcea 20

<210> SEQ ID NO 5

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 5

ggcgtcagag tgggaaatcc 20

<210> SEQ ID NO 6

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 6
ggcaggcagt tcacatctac ¢ 21
<210> SEQ ID NO 7
<211> LENGTH: 23

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
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<220> FEATURE:
<223> OTHER INFORMATION :

<400> SEQUENCE: 7
tcaagtcgag tctatctgca tcc
<210> SEQ ID NO 8

<211> LENGTH: 21
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223 > OTHER INFORMATION:

<400> SEQUENCE: 8
catgtcacga ccagtcacaa ¢
<210> SEQ ID NO 9

<211> LENGTH: 18
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223> OTHER INFORMATION:

<400> SEQUENCE: 9

tcggettacg ggtegttg
<210> SEQ ID NO 10

<211> LENGTH: 18
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223 > OTHER INFORMATION:

<400> SEQUENCE: 10
tgaaggcget caggcact
<210> SEQ ID NO 11

<211> LENGTH: 19
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223> OTHER INFORMATION :

<400> SEQUENCE: 11

agcggcaagt cggtgttag

<210> SEQ ID NO 12
<211> LENGTH: 19
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223> OTHER INFORMATION:

<400> SEQUENCE: 12

ggttggctga catggggtt

<210> SEQ ID NO 13
<211> LENGTH: 21
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:
<223 > OTHER INFORMATION:

<400> SEQUENCE: 13

accagtaagt cgtcctgatc ¢

synthetic

synthetic

synthetic

synthetic

synthetic

synthetic

synthetic

23

21

18

18

19

19

21
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<210> SEQ ID NO 14

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 14

tcggccaaat cttctcacte ¢

<210> SEQ ID NO 15

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 15

tggagatcct tgatgecaat ga

<210> SEQ ID NO 16

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 16

gegtccagat cagtgaccg

<210> SEQ ID NO 17

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: synthetic

<400> SEQUENCE: 17

ccgcaaatce atgtttactt

<210> SEQ ID NO 18

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: synthetic
<400> SEQUENCE: 18

getteteate cgetgtetgt

21

22

19

20

20

The invention claimed is:
1. A method of producing nephron progenitor cells, the
method comprising:
a) culturing a human induced pluripotent stem cells
(iPSC) population for about three days;

b) validating the expression of OCT4, NANOG, and
TRA-1-60 in the iPSC;

c) differentiating the iPSC in serum-free and albumin-free
medium containing DMEM/F12, 1% MEM-NEAA,
2-6 mM L-alanyl-L-glutamine dipeptide, GlutaMAX,
and 0.1mM (B-mercaptoethanol; and a GSK3 inhibitor;

c. confirming the expression of a Brachyury* primitive
streak cell population-48 hours after differentiating the
iPSC;

55

60

65

d. differentiating the Brachyury® primitive streak cell
population in human endothelial serum-free and human
albumin-free medium, free of exogenous Wnt/
P-catenin activating agent, bone morphogenetic pro-
teins (BMPs), Activin, retinoic acid (RA), vascular
endothelial growth factor (VEGF) and fibroblast
growth factor (FGF) but comprising biotin, DL alpha
tocopherol acetate, DL alpha-tocopherol, vitamin A,
BSA, fatty acid free fraction V, catalase, human recom-
binant insulin, human transferrin, superoxide dis-
mutase, corticosterone, D-galactose, ethanolamine
HCI, glutathione, L-carnitine, L-carnitine HC, linoleic
acid, linolenic acid, progesterone, putrescine 2HCI,
sodium selenite and T3 (triodo-I-thyronine) for a time
sufficient to differentiate a portion of the cultured cells
into PAX2* WT1* SIX2* nephron progenitor cells.
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2. The method of claim 1, wherein at least 75% of the
differentiated cells are PAX2* WT1* SIX2* nephron pro-
genitor cells.

3. The method of claim 2, wherein at least 90% of the
differentiated cells are PAX2* WTI1* SIX2*nephron pro- 5
genitor cells.

4. The method of claim 3, wherein at least 95% of the
differentiated cells are PAX2* WTI1* SIX2*nephron pro-
genitor cells.

5. The method of claim 1, wherein the sufficient time is at 10
least 4 days.



