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RENAL PROGENITOR CELLS

THIS INVENTION relates to kidney development. More particularly, this invention

relates to an in vire method of producing nepliron progenitor cells and vreteric duct
progenitor cells vltimately from human ploripotent stemy cells,
BACKGROUND

With the prevalence of end stage renal disease rising 8% pa globally', there is

an urgent need for renal regencrative strategies. The kidney is a mesodermal organ
that differentigtes from the intermediate mesoderm {IM) vig the formation of a
ureterie bud (UB) and the interaction between this bud and the adjacent IM-derived
metanephric mesenchyme (MM)’. The pephrons arise from a nephron progemitor
population derived from the MM’ The IM itself is derived from the posterior
primitive streak’. While the developmental origin of the kidney is well understood®,
nephron formation in the human kidney is completed before birth”. Hence, there is
ne postnatal stem cell sble to replace lost nephrons.

Human Pluripotent Stem cells have great potential for the generation of a
cell-based treatmeni for kidney disease. However, the realisation of human
pluripotent stem cells as a source of cells for chinical use and as a treatment, such as
for kidney disease, has been hindered by the lack of understanding of how to
produce the necessary cell types that give rise to nephrons and other structures of the

kidney.

The present inventors have soccessfully directed the differentiation of human
pluripotential stem celly through posterior primitive streak and intermediate
mesoderm {(IM) under fully chemically defined monolayer culture conditions using
growth factors used dering pormal cmbryogenesis. This differentiation protocol
results in the syachronous induction of ureteric bud (UB) and metanephric
mesenchyme (MM) that forms a self-organising structure, including nephron
formation, fr vitro. Such hESC-derived components show broad renal potential ex

vive, iHlustrating the potential for pluripotent stem cell-based renal regeneration.
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Accordingly, one aspect of the invention provides a method of producing nephron
progenitor cells and ureteric epithelial progenitor cells including the step of contacting
intermediate mesoderm (IM) cells with: fibroblast growth factor 9 (FGF9) and/or fibroblast
growth factor 20 (FGF20); and optionally, one or more agents selected from the group
consisting of: bone morphogenic protein 7 (BMP7); heparin;
a Wnt agonist; retinoic acid (RA), analog or agonist; and an RA antagonist; to thereby
produce nephron progenitor cells and ureteric, epithelial progenitor cells from the IM

cells.

In one example, the IM cells are derived or differentiated from posterior primitive

streak cells.

In one example, the posterior primitive streak cells are derived or differentiated
front human pluripotent stem cells (hPSCs). Non-limiting examples. of hPSCs include

human embryonic stem cells (hESCs) and induced human pluripotent stem cells (iPSCs),
In one aspect, there is disclosed a method that includes the sequential steps of

(i) contacting hPSCs with one or more agents that {facilitate
differentiation of the hPSCs into posterior primitive streak cells;

(ii) contacting the posterior primitive streak cells with one or more agents that facilitate
differentiation of the posterior primitive streak, cells into IM cells; and

(iif) contacting IM cells with FGF9 alone or in combination with one or more of: BMP7
RA; an RA antagonist; a Wnt agonist; and/or FGF20; and heparin; to thereby
produce nephron progenitor cells and ureteric epithelial progenitor cells from the IM

cells.

The one or more agents at step (ii) preferably include FGF9. In one particular
example, FGF9 is present for at least part of, or entirely throughout, both steps (ii) and
(iii). In another example, a Wnt agonist such as CHIR99021 is present during step (i).

In one example, the method further includes the step of identifying viable nephron

progenitor cells and/or ureteric epithelial progenitor cells.

In certain examples, identification of viable nephron progenitor cells and/or ureteric

epithelial progenitor cells includes measurement or detection of co-
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expression of a plurality of nucleic acids and/or protein as markers for the viable nephron

and/or ureteric epithelial progenitor cells.

In one example, the disclosure provides isolated, enriched or purified nephron
and/or ureteric epithelial progenitor cells produced according to the method as disclosed
herein.

In yet another aspect, the invention provides a method of producing a kidney, or
kidney cells or tissues, said method including the step of (i) performing the method of the
present invention to produce nephron progenitor cells and ureteric epithelial progenitor cells;
(ii) differentiating the nephron progenitor cells and ureteric epithelial progenitor cells to
thereby produce the kidney, or kidney cells or tissues.

In some examples, the nephron progenitor cells and/or ureteric epithelial progenitor
cells may be used as a source for bioprinting or bio-engineering whole kidneys and kidney
tissue for kidney transplant or treating chronic kidney disease.

In other examples, the nephron progenitor cells and/or ureteric epithelial progenitor
cells may be used for the recellularisation of whole organ decellularised kidney to
thereby create a reconstituted or replacement kidney.

In other examples, the nephron progenitor cells and/or ureteric epithelial
progenitor cells may be used as a source for cellular therapy of kidney diseases and
conditions.

In a further aspect, the invention provides a method of determining the
nephrotoxicity of one or a. plurality of compounds, said method including the step of (i)
performing the method of the present invention to produce nephron progenitor cells and
ureteric epithelial progenitor cells; (ii) contacting the one or plurality of compounds with the
nephron progenitor cells and ureteric epithelial progenitor cells, or kidney cells or tissues
differentiated or otherwise obtained therefrom, to thereby determine whether or not the one
or plurality of compounds is nephrotoxic.

In one example, this aspect provides bioprinting of the nephron progenitors and/or
ureteric epithelial progenitors into kidney organoids for nephrotoxicity screening is
disclosed.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1. Sequential differentiation of posterior primitive streak and intermediate mesoderm
from human embryonic stem cells. a, Schematic of developmental stages from inner cell
mass to renal lineages. Genes shown in each stage represent specific markers of that stage. b,
FACS analysis (GFP and forward scatter (FSC)) showing
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the percentage of MIXLI-GFP positive posterior primitive streak cells induced with
different ratios of BMP4/Activin A {(ng/'mlL) or 8 uM of CHIRS9021 after 3 days
culture. hESC, starting cells; No GFs, 3 days culture with basal media. ¢, d, Relative
expressions of SOXT7, BRACHYURY (1) and MIXLI at day 3 for each ratic of
BMP4 and Activin A (ng/mLl) assessed by gRT-PCR analysis {¢). The same gRT-
PCR analysis for different concentrations of CHIR99021 (d). Error bars are s.d. (n=3
experiments). e, Schematic representation of the differentiation protocol used from
RESC to IM. ), RT-PCR at day 6 showing the expression of markers of IM (P4X72,
LHXI, OSR{) in the presence or absence of 200 ng/ml FGF9 from day 2 to 6. g,
Quantitation of the percentage of cells positive for PAX2 protein at day 6 in the
presence or absence of 200ng/ml FGF9 from day 2 to 6. Both difforentiation
protocols via BMP4/Activin A (B/A) and CHIR99021 (CHIR) exceeded 80%
induction efficiency. Error bars are s.d. {n=5 fields in total from 3 experiments). h,
The presence and co-expression of PAX2 (red) and LHX1 (green) proteins at day 6
via posterior primitive stresk induction using either BMP4/Activin A (B/A) or
CHIR99021 (CHIR). {scale = 100um) i, gRT-PCR showing the expression of
markers of IM (PAXD, LHXT), PM (TBXD) and LPM (FOXF!) at day 6 across a
concentration gradiemt of FGF9 from day 2 to 6. Ewmor bars are sd. (n=3
experiments). j, gRT-PCR showing the expression change of mesoderm markers af
day 6 in the presence of FGFY together with NOG or BMP4 from day 2 to 6. Error
bars are s.d. (n=3 experiments). k, IF at day 6 showing a major IM population
marked by PAX2 {red) and a non-overlapping PM marked by TBX6 (green). {scale
= 100um).

Figure 2. Posterior primitive streak induction. a, Time course quantitative RT-PCR
for pharipotent markers, OCT4 and NANOG after induction with BMP4/ActivinA
{30/10 ng/mi), showing a reduction in pluripotent gene expression with time. Error
bars are 5.d. (n=3 experiments). b, IF for markers of ES cells, NANOG and ECAD,
before (hESCs) and after {day 2) posterior primitive streak induction using
CHIR99021. (scale = 100um) ¢, IF for markers of posterior primitive streak, T and
MIXL1 {(GFP), after the posterior primitive streak induction (day 2) using
CHIRDS021. MIXL1 was detected as GFP expression driven by the MIXLI
endogenous promoter. {(scale = 100um) d, Levels of spontaneous OSR/I expression

induced across time afler culture if 3 different ratios of BMP4 and Activin A
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{ng/mL). hESCs were formed embryoid bodies with 3 different ratios of BMP4 and
Activin & for 3 days then spontaneously differentiated under no growth factor
condition until day 14. This demonstrates improved OSR7 cxpression in cells
indaced with high BMP4 and low Activin A (30/10). OSR/ marks IM and LPM.
Figare 3. Influence of FGF signalling on induction of TV proteins. a, IF for PAX2
protein on hESC cultures at day & treated with BMP4/Activin A to day 2 and FGF2
{200ng/ml), FGFR (200ng/ml), FGF? (200ng/ml) or no growth factors (no GFs) from
day 2 to & in the presence or absence of the FGF signalling inhibitor, PD173074.
{scale = 200um} b, Quantitative RT-PCR to examine the relative expression level of
PAX2, LHX] end OSKRI at day 6 of the same protocol as IF (a). Shaded bars show the
effect of addition of the FGF inhibitor, PD173074. Error bars are sd. (n=3
experiments}. ¢, IF for the IM marker PAX2 and the marker of both LPM and 1M,
OSR1, on hESC cultures at day 6 treated with BMP4/Activin A (+FGF9 (B/A)) or 8
pM CHIRS9021 (+FGFY (CHIR)) to day 2 followed by 200 ng/mL FGF9 or no
growth factors (no GFs) from day 2 to 6. Secondary antibody only control was used
as a negative control (2° Ab anly) (scale = 100um) 4, A table showing the percent
of PAXZ and PAX2" cells in total (total) or together with LHX1™ and LHX1™ cells
on hESC cultures at day 6 treated with 8 pM CHIR99021 to 2 days followed by 200
ng/mf. FGFS from duy 2 to 6, Errors are s.d. {n=5 fields in total from 3 experiments).
Figure 4. The effect of BMP signalling on lateral-medial patterning of early
mesoderm. &, IF for DAPI (blue) and PAX2 (red) at day 6 in the presence of
200ng/mL FGFS with or without BMP4 (5 or S0ng/mL) or the BMP antagenist NOG
{25 or 250ng/mL) from day 2 to day 6. (scale = 200um) b, gqRT-PCR to investigate
the effect of this BMP/NOG gradient on the expression of PM (PARAXIS end TBX6}
and LPM (FOXF! and OSR]I} markers at day 6. Error bars are sd. (p=3
experiments).

Figure 5. Schematic illustrating the anticipated gene expression of distinct
progenitor and derivative cell populations during early kidney development. PS,
primitive streak; IM, intermediate mesoderm; MM, metanephric mesenchyme; NP,
nephron progenitor / nephrogenic mesenchyme; RV, renal vesicle; DT, distal
convoluted tubule; PT, proximal convoluted tubule; Pod, podocyte; ND, nephric
duct; URB, wureteric bud / wreteric epithelium; CD, collecting duct; MET,

mesenchymal to epithelial transition. All genes are indicated in italics. Shaded boxes
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indicate the timing and duration of expression for adjacent labelled genes. Specific
genes marking DT, PT and Pod are indicated next to each cell type. The reciprocal
induction of differentiation known to occur between the UR and NP is supported by
the expression of FGFY (nephrogenic mesenchyme survival) and W9 (MET) and
from the UB and GDNF {(ureteric branching) by the NP,

Figure 6. Stepwise temporal induction of ureteric and metanephric progenitors from
hES cells in witro. a, Schematic representation of the initial hESC directed
differentiation protocol used to induce kidney development (BMP4:Activin
AFGFYFGFOBMP7:RA). Numbers below the line indicate the days of the
differentiation. b, Timecourse RT-PCR from day 0 to 17 for genes representing each
stage of differentiation to kiduey. These include genes for posterior primitive streak
(MIXLI, LHXT), IM (LHXI, PAX2, QSRD, MM (OSR!, SIX2, WT1. GDNF,
HOXDI1TY and UE (P4X2, CRET, HOXRB7). PAXE was included to ensure that there
was no evidence for ectodermal commitment. NC, negative contrel with no DNA
template, ¢, Timecowse IF from day 6 to 17 showing the formation of PAX2 (red)
and ECAD (green) double positive epithelial structures (upper panels) and WT1
{red) positive populations surrounding these epithelial structures (lower panels).
(scale = 200um) d, Quantitation of the proportion of WT17 or SIX2" cells present
within hESC cultures across the directed differentiation timecourse. Co-expression
of these proteins marks the MM / nephron progenitor (NP) population whereas WT'1
protein is also expressed in subsequently differentiating nephrons. Error bars are s.d.
{n=3 experiments). e, Day 14 of the differentiation revealed the presence MM
(ECAD SIX2") around an ECAD" UE. (scale = 200um) f, Schematic representation
of the altermative hESC directed differentiation protocol used to induce kidney
development (CHIR92021/FGFY). Numbers below the line indicate the days of the
differentiation. g, Time course RT-PCR from day 0 to 18 via differentistion using
CHIROSSO /TGRS representing cach stage of differentiation to kidney as indicated in
(b). b, Timecourse IF from day 0 to 18 via differentiation using CHIR99021/FGF%
for proteins as indicated in (c}. {scale = 200pm) i, Quantitation as described in (d)
after differentiation using CHIR99021/FGF9, Error bars are s.d. (n=5 fields in total
from 3 expeniments). j, The presence of SIX2' condensed mesenchymal cells

surrounding ECAD" UE structures at day 14, (scale = 100um) k, IF microscopy at



WO 2014/197934 PCT/AU2014/000608

10

15

30

7

day 17 showing PANZ'GATA3Y UE at day 17 adjacent to a region of
PAXZ'CATAY MM. (scale = 50um)

Figure 7. The positive effect of RA on ureteric epithelium formation, a, EdU
incorporation assay at day 12 of differentiation. 30 min exposure by E4U revealed
that not only PAX2" pre-epithelium structures but also PAXZ negative cells are
proliferating. White arrowheads indicate BEAU incorporation in PAX2" cell. (scale =
100pm) b, IM cells at day 6 after posterior primitive streak induction using
BMP#/Activin A were cultured for 11 days with FGFS together with differeni RA
concentrations, IF for UE markers, PAX2'ECAD", showed UE structures were
induced in 2 RA dose-dependent manner. (scale = 200um) ¢, RT-PCR at day 22 of
differentiation using BMP4:Activin A/FGFO/FGFY:BMPT:RA protocal revealed the
expression of genes indicative of differentiation info mature renal cell types,
including SYNPO, NPHSI and WT1 for podocyte; AQP2 and SCNNBI for distal
tubule or collecting duct and AQPI and SLC34! for proximal tubule. NC, negative
control with no DNA template. g, IF of day 22 differentiation using BMP4/Activin A
showing co-expression of two key podocyte markers; the slit-diaphragm protein
SYNPO {green} and nuclear WT1 (red). Nuclei are also stained with DAPI (blue).
{scale = 50m)

Figure 8. Assessment of renal potential and evidence for nephron induction of hESC
after CHIRO9021/FGFY directed differentiation. a, hESC-derived cells at day 12 of
differentiation after initial induction using CHIR99021/FGF9 to day & followed by a
further § days with FGFY together with different RA concentrations or without
growth factars {No GFs). IF for PAX2 and ECAD proteins showed UE structures
were mduced in RA dose-dependent manner. {scale = 200um) b, qRT-PCR for
major kidaey markers (SIX2, HOXDI{, HOXB7, FOXDI), a pluripotent marker
{OCTY) and gonad/adrenal cortex markers (SOX9, SF1, GAT46). Gene expression
levels at day 18 of differentiation using either the BMP4/Activin A (B/A) or
CHIR29021 (CHIR) protocol were normalized to GAPDH and then compared to
levels in undifferentiated hESCs. Human fetal kidney RNA was used as a positive
control. Error bars are s.d. {(n=3 cxperiments). ¢, JF showing that at day 12 of
induction, some WT1™ MM cells {red) were also HOXD11" {green). HOXD11 is a
spectfic marker of metanephric region, including both the MM and the renal stroma

{HOXDIIWTT). (scale = 200um). 4, Low magnification view of cultures after day
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18 of differentiation {CHIR990D2/FGFY) using phase contrast and IF for WTH (red).
Clusters of WT1' mesenchyme surround the UE as would be seen in an embryonic
kidney (seale = 200pm) e, WT1" and SIX2™ mesenchvine (red) tightly surrounding
ECAD+ UE {green) at day 18, (scale = 50um) £, IF confocal microscopy at day 18
showing PAX2'ECAD" UE suwrrounded by early nephrons / RVs as assessed by the
presence of JAG1 and CDH6. The arcas swroupded by dashed line are
PAX2"GATA3YECAD" UR structures. The areas indicated by square bracket are
magnified in next right panels. (scale = 23um) (magnified scale = 10um).

Figure 9. Differentiation of H9 hES cell line and iPS$ cell line towards renal lineages.
a, b, Immunofluorescence for DAPI (blue), PAX2 (red) or SIX2 {red) at Day 6 and
Day 14 of differentiation on H9 hESC (a) and CRL2429 C11 iPS cells (b). {scale =
200pm)

Figure 18, The mtegration of hESC-derived kidney progenitors into re-aggregates of
mouse kidney cells. s, Schematic of the re-aggregation assay of renal potential.
Embryonie day 12.5-13.5 mouse kidneys were dissociated inte single cells and
combined with hESC-derived induced kidney cells of day 12-13, pelleted onto a
filter membrane and cultured at an air-media interface for 4 days, The ratio of hESC-
derived cells to mouse kidney cells was 4 to 96, b, Re-aggregation assay using
undifferentiated hESC constitutively expressing GFP (ENVY cell line) as a negative
contred, showing undifferentiated hESC-derived large cysts formation (green). {scale
= 200um) ©, Re-aggregation assay of mouse E12.5-13.5 kidney cells with hESC-
derived day 13 of the differentiation. All integrated hES celis-derived cells were
detected by either human mitochondria antibody (HuMt) or a human nuclear
antibody (HuNu) (green). White arrowheads indicate integrated human cells into
mense renal structures. PAX2" and CALB' tubules represent UE, CDHS' and JAG1™
structures represent renal vesicles. SIX2™ and WT1' non-epithelial cells represent
MM ¢/ NP. All images show integration of hESC differentiated wvsing the
CHIR99021/FGF9 protocol with the exception of the integration into CALB'® UE
and SIX2' MM where the hESC were differentiated using the BMP4:Activin
AFGFYWFGF:BMPT7:RA protocol. {scale = 50um)

Figure 11. The effect of 3D cullure environment on sclf-organisation events. a,
Schematic of the replating assay. IM cells at day 6 were harvested and re-plated at

high density or low density. Then cells were cultured for 12 days (6 days with 200
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ng/mL FGFS then another 6 days without growth factors). Cells plated at high
density formed a pniform layer of cells while those plated at low density formed
domed colonies. b, Induced IM cells at day 6 were re-plated to form monolayer or
domed colonies at day 18, Cells were stained with ECAD for UE and WT1 for MM,
More advanced structures are seen within domed colonies possibly due to the
proximity of reciprocally inductive cell populations. {scale = 100pm)

Figure 12, Evidence for selforganisation sfier 3D culiure of differentiated hESC. a,
Schematic of the process used for 3D culture. hESC-derived cells after day 18 of
differentintion (CHIR99021/FGFS) were harvested and dissociated into single cells,
pelleted then cultured on a filter membrane at an air-media interface with 10%
FCS/DMEM. After 4 days culture, pellets were paraffin embedded and sectioned.
{(scale = 200um) b, IF of paraffin embedded sections of the 3D cultured pellets
showing the expression of a variety of key proteins (hESC-derived cells). ECAD
{green) illustrates the presence of epitheliom. PAX2" epithelium represents UR
whereas PAX2" non-epithelium indicates MM and its derivatives. The co-expression
of AQP2 with ECAD represents the formation of @ derivative of UE, the collecting
duct. WT1 staining shown here marks MM / NP. Epithelial derivatives of MM / NP
include the renal vesicle, marked by JAGI and proximal tubule, marked by AQP1
and SLC3AL As 4 control, mouse embryonic day 13.5 kidney cells were dissociated
and pelleted then cultured in the same way as hESC-derived cells before being
analysed {E13.5 mBK cells). {scale = 25um).

Figure 13. Evidence that a microbioreactor can be used for the factorial optimization
of exact growth factor concentrations required for differentiation to nephron
progenitors and/or ureteric epithelium. This microbioreactor comprises 27 rows of
16 wells with each row being subjected to a distinet combination of three different
growth factors, FGF9, BMP7 and retinoic acid. The readout is immunofluorescence
for E-cadherin (blue, epithelium), GATA3 (green, ureteric epitheliom) and WT]
{red, nephron-forming mesenchyme).

Figure 14. Optimization of Stage 1 differentiation, as assessed by the ultimate
differentiation of these cultures after the completion of subsequent stages of
mduction. Incressing CHIR99021 in Stage 1 increases the amount of E-cadherin

positive {green) ureteric epithelium with an optimal ratio of epithelium te nephron
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progenitors (marked with antibody to WT1 in red) at 6uM CHIRIS021. Cultures
presented have been enltured out to day 18.

Figure 15, Diagram outlining the conclugsion of optimization of Stage 1
differentiation from plaripotency to posterior primitive sireak. The conclusion is that
the concentration and duration of initial CHIR99021 induction is likely to vary with
individual starting cell and that this will need to be optimized for optimal kidney
differentiation.

Figure 16. Diagram outlining the objectives of further optimization steps and the
rationale for the inclusion of an antagonist of RA signaling to ensure the generation
of an appropristely caudal metanephric mesenchyme population. fn short, there is a
gradient of RA signaling in the developing embryo such that activity is highest at the
cramial end while production of enzymes for the degradation of RA within the caudal
tailbud reduces RA signaling at that end of the embryo. The permanent kidnev
{metanephros) arises at the level of the hindlimbs, and hence is likely to be in a4
relatively tow RA activity zone, whereas the epitheliam that gives rise to the nreteric
bud arises earlier and hence in a zone of relatively higher RA activity.

Figure 17. Disgramumatic representation of the optimization of nephron progenitor
induction via the variation of stages 2 and 3 of differentiation. This includes the
inclusion of an antagonist of retinoic acid receptor activity, AGN193109, added at
erther 1uM or SpuM together with low levels of CHIR99021 (1uM).

Figure I8 CQuaniiative PCR results showing the effect of the additional of
CHIRS9021 and/or AGN193109 from day 4 of differentiation on the expression of
the metanephric mesenchymal markers Hoxdll and Six2, as assessed at either day 12
or day 18 of differentiation.

Figure 19. Quantiative PCR results showing the effect of the additional of
CHIRS9021 andfor AGN193109 from day 4 of differentiation on the expression of
other cap mesenchyme / nephron progenitor markers (Six/{, Six2, Eyal, WTl1), as
assessed at day 18 of differentiation.

Figure 20. Directed differentiation of human {PSC cell line C11 to kidney organoids
containing nephron progemitors and vreteric epithelium. The protocol used for the
differentiation is displayed diagammatically in comparison to that used for the

differentiation of the hESC hne HES3, This included an additional two days of



WO 2014/197934 PCT/AU2014/000608

10

15

20

11

CHIRS902 1. Images show the resulting organcids after day 20 of caliure. WT1+
mesenchyme (red) surrounds a branching wreteric epithelium (green).

Figure 21. Directed differentiation of human iPSC cell line C32 to kidney
organoids containing nephron progenitors and ureteric epithelium. Images show the
resulting organocids affer day 18 of culture, WT1+ mesenchyme {red) surrounds a

branching ureteric epithelinm (green).

DETAILED DESCRIPTION

The invention is at least partly predicated on the identification of specific in

vitre culture conditions that are tailored to promote the synchronous, simultaneous
differentiation of nephron progenitor cells and ureteric epithelial progenitor from
mitermediate mesoderm (IM). More specifically, FGF9 plus heparin alone, or in
combination with one or more agents including bone morphogenic protein 7
{BMP7), retinoic acid {RA), an RA antagonist; a Wnt agonist; and/or FGF20 plus
heparin, is capable of facilitating differentiation of intermediate mesoderm into
nephron progenttor cells and ureteric epithelial progenitors, Further to this, the in
vitre culture method provides a system for differentiating human embryonic stem
cells through posterior primitive streak, IM and metanephric mesenchymal stages to
produce nephron progenitor cells and wureteric epithelial progenitor cells.
Advantageously, the presence or absence of certain molecules such as RA, RA
amtagonist and/or Wnt agonist can be manipulated to preferentially promote the
production of nephron progenitor cells versus ureteric epithelal progenitors, or vice
VEFEA.

The nephron progenitor cells and ureteric cpithelial progenitor cells are
simultaneously induced, direct the differentiation of each other in vive and are
capable of developing into distinet tubular epithelial structures, including ureteric
tree and nephron progenitor mesenchyme, during which the epithelial structures
substitute for the ureteric tip to maintain the nephron progenitor cells. It is therefore
proposed that the hESC-denived ureteric epithelium and/or nephron progenitor cells
produced according to the invention may be directed io differentiate into renal cells
from both the ureteric and mesenchymal compartments. Furthermore, the capacity of
these cells to “self-organise’ may therefore be exploited to facilitate kidney repair,
such & by way of kidiey biovengineering. The nephron progenitor cells, nephrons

derived therefrom or kidoey organoids “self organized™ as described above, may also
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be suited to neplwotoxicity testing, which has been hampered by a previouy inability
te produce cells snitable for testing,

Unless defined otherwise, all technical and scientific tenms used herein have
the same meaning a8 commonty understood by those of ordinary skall in the art to
which the invention belongs.  Although any methods and materials similar or
equivalent to those described herein can be used in the practice or testing of the
presemt invention, preferred methods and materials are described.

As used herein, except where the context requires otherwise, the term
“comprise” and variations of the term, such as “comprising”, “comprises” and
“comprised”, are net imended 1o exclude further additives, components, integers or
steps.

It will be appreciated that the indefinite articles “a™ and “an” are not to be
read as singular indefinite articles or as otherwise excluding more than one or more
than a single subject to which the indefinite article refers. For example, “a” cell
includes one cell, one or more cells and a plorality of celis.

For the purposes of this invention, by “isolated” is meant material that has
been removed from its natoral state or otherwise been subjected to human
manipplation. Izolated material (e.g, cells) may be substantially or essentially free
from components that pormally accompany it in its natural state, or may be
manipulated so as to be in an artificial state together with components that normally
accompany it in ifs natural state.

By “emriched” or “pwrifled” is meant having a higher incidence,
representation or frequency in a particular state {e.g an enriched or punified state}
compared fo a previous state prior to enrichment or purification.

The terms “differentiate”, “differentiating” and “differentiated”, velate to
progression of a cell from an earlier or initial stage of a developmental pathway io a
Iater or more mature stage of the developmental pathway. It will be appreciated that
in this comtext “differentioted” does pot mean or imply that the cell is fully
differentiated and has lost pluropotentiality or capacity to further progress along the
developmental pathway or along other developmental pathways. Differentiation may
be accompanied by cell division.

A “progenitor cell” is a cell which is capable of differentiating alongone or a

plorality of developmental pathways, with or without self-renewal.  Typically,
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progentior cells are unipotent or oligopotent and are capable of af least Hmited self-
renewal.

As will be well understood in the art, the stage or state of differentiation of a
cell may be characterized by the expression and/or non-expression of one of a
plurality of markers. In this context, by “markers™ is meant nucleic acids or proteing
that are encoded by the genome of a cell, cell population, lineage, compartment or
subset, whose expression or pattern of expression changes throughout development.
Nucleic acid marker expression may be detected or measwred by any technique
known in the art including nucleic acid sequence amplification (e.g. polymerase
chain reaction) and nucleic acid hybridization (e.g. microarrays, Northern
hybridization, in sitw hybridization), although without limitation thereto. Protein
marker expression may be detected or measured by any technique known in the art
including flow cytometry, immunohistochemistry, immunoblotting, protein arrays,
protein profiling (e.g 2D gel electrophoresis), although without limitation thereto,

One aspect of the invention provides a method of producing nephron
progenitor cells and wvreteric epithelial progenitor cells including the step of
contacting intermediate mesoderm (IM) cells with: BMP7; retinoic acid (RA), RA
antagomst; 8 Wat agonist; fibreblast growth factor 9 (FGF9) and/or FGF20; and
heparin; to thereby produce nephron progenitor cells and ureteric epithelial
progenitor cells from the IM cells..

Reference herein to “retincic acid” or “R4” includes all forms of retinoic
acid (2.g including all rrams RA and 9-¢is RA), analogs and/or retinoic acid receptor
{RAR} agonists that have a similar biological activity to RA. Various different RA
analogs and RAR agonists (including agonists non-selective and selective for RARa,
B or v} are commercially available such as from R & D Systems and Tocris
Bioscience.

Specilic reference to an “RA anfagonist” includes retinoic acid receptor
{RAR) antagonists and any other molecule(s) that inhibit, block or prevent RA
signalling via the RAR. Non-limiting examples of RAR antagonists include
AGNI93109, LE 135, ER S0891, BMS 493, BMS 453 and MM 11253, although
without limitation thereto. This definition does not exclude the possibility that the
RA antagomst also or shtematively mimics a block in signalling via RAR from

binding of another ligand.
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As used herein a “War agonist™ is a molecule that inhibits GSK3 {e.g GSK3-
B} in the context of the canonical Wat signalling pathway, but preferably not in the
conlext of other non-canonical, Wat signalling pathways. Non-limiting examples of
Wnat agonists include CHIRSGD21, LiCl 8B-216763, CAS 853220-52-7 and other
Wnt agomists that are commercially available from sources such as Santa Cruz
Biotechnology and R & D Systems. This definition should not be read as absolutely
excluding the possibility that the Wnt agonist mimics one or more other inhibitors of
GRK3P activity.

It will also be appreciated that fibroblast growih facters such as FGF9 and
FGF20 may be interchangeable, although FGF9 is preferred. Heparin is typically
included to promode or enhance the biological activity of fibroblast growth factors
such as FGF2, FGF9 and/or FGF20,

The preferred concentrations of each of FGF9, BMP7, retinoic acid (RA);
RA antagonist; Wnt agonist; FGF20 and heparin will be described in more detail
hereinafter. Reference will also be made to controlling or manipulating the presence
or absence of certain molecules such as RA agonist or analog, RA antagonist and/or
Wat agonist to preferentially promote the production of nephron progenitor cells
versus weteric epithelial progenitors, or vice versa.

As used herein “rephron progenitor cells” are progenitor cells derived from
metanephric mesenchyme that can differentiate into all nephron segments {other than
collecting duct) via an initial mesenchyme to epithelial transition, which include
nephron epithelia such as comnecting segment, distal convoluted tubule (DCT) cells,
distal straight tubule (DST) cells, proximal straight tubule (PST) segments 1 and 2,
PST cells, podocytes, glomerular endothelial cells, ascending Loop of Henle and/or
descending Loop of Henle, although without limitation thereto. Nephron progenitor
cells are also capsble of self-renewal.

Non-limiting examples of markers characteristic or representative of
metanephric mesenchyme include WT1, SIX!, SIX2, SALLI, GDNF andfor
HOXDIE, althongh without limitation thereto. Non-limiting examples of markers
characteristic or representative of nephron progenitor cells include W77, 8IX7, SIX2,
CITEDI, PAXZ, GDNF, S4LLL, OSRI and HOXDI1, slthough withoui limitation

thereto.



WO 2014/197934 PCT/AU2014/000608

10

20

30

15

By “wreteric epithelial pragenitor cell” is meant an epithelial progenitor cell
derived, oblainable or origingting from mesonephric duct or its derivative ureteric
tad that can develop into kidney tissues and/or structures such as the collecting duct.

Non-limaiting examples of characteristic or representative markers of weleric
epithelial progenitor cells include HOXBY, cRET, GATA3, CALBI, E-CADHERIN
and P4X2, although without limitation thereto.

As hereinbefore described, the nephron progeniter cells and wureteric
epithelial progenitor cells are differentiated from intermediate mesoderm (IM) cells
is the presence of FGFY alone or in combination with one or more agents that
include BMP7, retinoic acid (RA), aponist or analog, an RA antagonist such as
AGNI93109 andfor FGF20 and preferably heparin.

By “infermediaie mesoderm (IM)” cells is meant embryonic mesodermal
cells that anise from posterior primitive streak and can ultimately develop inio the
urogenital system, inclusive of the vreter and kidney and other tissues such as gonad.
Non-limiting examples of markers characteristic or representative of intermediate
mesoderm include PAX2, OSRT andfor LHEHXT.

It will also be appreciated that production of IM cells is not meant to imply
that the IM cells are a pure or homogeneous population of IM cells without other cell
types being present. Accordingly, reference to “IM cells™ or a *population of 1M
cells” means that the cells or cell population comprise(s) 1M cells.

Suitably, according to the invention IM cells are produced by contacting
posterior primitive streak cells with one or more agents that facilitate differentiation
of the posterior primitive streak cells info TM cells, as will be described in more
detail hereinafter.

Preferably, the IM cells are produced by contacting posterior primitive streak
cells with one or more agents that facilitate differentiation of the posterior primitive
streak cells into IM cells

Typically, the one or more agents include fibroblast growth factor 9 (FGF9)
and, optionally, an RA antagonist such as AGN193109 and/or one or more other
FGFs such as FGF 2 and/or FGF20.

By “posierior primitive streak (PPS)” cells is meant cells obtainable from, or
cells functionally andfor phenotypically corresponding 1o, cells of the posierior end
of & primitive streak structure that forms in the blastula during the early stages of

mammalian embryonic development. The posterior primitive streak establishes
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bilateral symmetry, determines the site of gastrolation and initiates germ layer
formation. Typically, posterior primitive streak is the progenitor of mesodenm (f.e
presumptive mesoderm) and anterior primitive streak is the progenitor of endoderm
(i.e presumptive endederm). Non-limiting examples of markers characteristic or
representative of posterior primitive streak inclode Brachyury (7). A non-limiting
example of a marker chargcteristic or representative of anterior primitive streak is
SOX{7. MIXLI may be expressed by both posterior and anterior primitive streak.

It will also be appreciated that production of posterior primitive stresk cells 15
not meant to imply that the postedor primitive stregk cells arc a pure or
homogeneous population of posterior primitive streak cells withoui other cell types
being present. Accordingly, reference 1o “posterior primitive streak cells™ or a
“population of posierior primitive streak cells” means that the cells or cell
population comprize(s) posterior primitive streak cells,

Suitably, according to the ivention posterior primitive streak cells are
produced by contacting hPSC cells with one or more agents that facilitate
differentiation of the hPSC cells into posterior primitive streak cells, as will be
deseribed in more detail hereinafter.

Typically, the one or more agents include bone morphogenic protein 4
{BMP4}, Activin A and/or a Wit agonist such as CHIR99021.

The terms “human pluripotent stem cell™ and “hPSC” refer to cells derived,
obtainable or oniginating from human tissue that display ploripotency. The hPSC
may be a human embryonic stem cell or a human induced pluripotent stem cell.

Human phuipotent stem cells may be derived from inner cell mass or
reprogranuned vsing Yamanaka factors from many fetal or adult somatic cell types,
The generation of hPSCs may be possible using somatic cell nuclear transfer.

The terms “onan embryonic siem cell”, “hES cell” and “hESC refer to
cells derived, obtainable or originating from human embryos or blastocysts, which
are self-renewing and pluri- or toti-potent, having the ability to yield all of the cell
types present in a mature animal. Homan embryonic stem cells (hESCs) can be
isolated, for cxample, from human blastocysts obtained from human in vive
preimplantation embryos, ir vitro fertilized embryos, or one-cell human embryos
expanded to the blastocyst stage.

The terms “induced pluripoteni stem cell” and *iPSC” refer to cells derivable,

obtainable or originating from human adult somatic cells of any type reprogrammed



WO 2014/197934 PCT/AU2014/000608

10

15

20

30

17

to a pluripotent state through the expression of exogenous genes, such as
transcription factors, including a preferred combination of OCTY, SOX2, KLFY and
e-MYC, PSC show levels of pluripotency equivalent to hESC but can be derived
from a patient for autologous therapy with or without concurrent gene correction
prior to differentiation and cell delivery.

More penerally, the method disclosed herein could be applied to any
pluripotent stem cell derived from any patient or a hPSC subsequently modified to
generate » mutant model using gene-edifing or a mutant hPSC corrected using gene-
editing. Gens-editing could be by way of CRISPR, TALEN or ZF nuclease
technologies.

It will be appreciated from the foregoing, that & preferred broad form the
mvention provides a method that includes the sequentisl steps of:

(i} confacting hPSCs with ome or more agents that facilitate

differentiation of the hPSCs into posterior primitive streak cells;

{11}  contacting posterior primitive streak cells with one or more agents
that facilitate differentiation of the posterior primitive streak cells into
intermediate mesoderm ¢ells; and

{iti}  contacting intermediate mesoderm cells with FGF9 and, optionally,
one or more ofi BMP7; retinoic acid; an RA antagonist such as
AGNI3109; a What agonist such as CHIR99021; FGF20; and
heparin; to thereby produce metanephric mesenchyme cells and
ureteric epithelial progemitor cells from the intermediate mesoderm
cells,

These sequential steps will be described hereinafter as follows.

As will be appreciated from the foregoing, hPSCs are contacted with BMP4,
Activin A andfor CHIRS9021 in g suitable culture medium in the absence of serum,
such as APEL differentiation medium (Ng ef af., 2008, Nat. Protoc. 3: 768), although
without limitation thereto, to thereby produce posterior primitive stresk cells that
suitably comprise posterior primitive streak cells, The hPSCs may be hESCs or
iPSCs.

Sutiably, BMP4 is at a concentration of about 5-40 ng/mL and Activin A is at

a concentration of about 3-40 ng/ml. In one embodiment the concentration of BMP4
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1s about 20-35 ng'mL, or more preferably about 30 ng/mL. In one embaodiment, the
conceniration of Activin A is about 5-30 ng/mL or more preferably 10 ngmL.
Suitably, an optimal relative activity ratio is in the range of 3:1 te 1:6 BMP4 o
Activin A, Preferably, an optimal relative activity ratio is in the range of 3:1 10 131
BMP4 to Activin A,

In some embodiments, a Wnt agonist such as CHIR99021 may be at a
concentration i the range of about 0.5 to 50 uM, preferably about 4-30 uM, more
preferably about $-20 pM or advantageously about & pM. In ceriain embodiments,
CHIR®G(2] is present alone, in the absence of BMP4 and Activin A,

The population of stem cells may be cultured in the medium with BMP4,
Activin A and/or a Wat agonist such as CHIR99021 for 36-120 hours.

In some non-limiting embodiments, cells may be contacted for longer periods
with BMP4, Activin A and/or CHIR%9021 than is required for hESCs, By way of
exgmple, cells such as iPSCs may be contacied with BMP4, Activin A and/or
CHIR99021 for up to 96-120 hus.

The culture medium may be changed every 24-48 hrs.

Although not wishing to be bound by theory, contacting hPSCs with BMP4,
Activin A and/or a Wnt agonist such as CHIR99021 as disclosed herein results in
formation of primitive streak {PS) including posterior primitive streak. This is an
initial step towards the generation of mesodermal and endodermal tissue. Typically,
differentiation of hPSCs is toward a mixed population of cells that comprises cells
expressing markers characteristic of posterior primitive streak (le. presumptive
mesoderm) and cells expressing markers characteristic of anterior primitive streak
{i.e. presumptive endoderm).

Non-lmiting examples of markers characteristic of posterior primitive streak
{presumptive mexoderm) include Brachyory (1),

A non-limiting example of a marker characteristic of anterior primitive streak

{presumptive endoderm) is SOXT7.

{1y Differentiation of Posterior Primitive Streak Cells into Intermediate
Mesoderm {IM)

Suitably, posterior primitive streak cells, or a mixed primitive streak

population comprising posterior primitive streak cells, are contacted with one or
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more fibroblast growth factors (FGFs) that at least includes FGF9 and, optionaily,
FGF2 and/or FGR2D andfor a retinoic acid (RA) antagonist in g suitable culture
medivm in the absence of serum, such as APEL differentiation medium,

Typically, the retinolc acid signalling antagonist is a retinoic acid receptor
{RAR) inhihitor or amtagonist such as AGN193109,

Suitabrly, FGF2, FGFY and/or FGF20 are at g concentration of about 100 to
400 ng/ml. In a preferred embodiment, FGF2, FGFY andior FGF20 are at a
concentration of about 150 to 300 ng/ML or advaniageously about 200 ng/mL. In
one embodiment, the concendration of the RA antagonist {e.g. AGN193109) is about
0.1-10 pM or more preferably 0.5 -5 gL

The cells are contacted with FGF9, alone or together with FGF2 and/or
FGF20 and/or RA antagonist (e.g. AGN193109) for at least sbout 98 hours but not
more than about 190-200 hours. Preferably, the cells are contacted with FGF9 alone
or with FGF2 and/or FGF20 and/or RA antagonist (e.g AGNI93109) for about 96
hours.

The culture medium may be changed every 40-48 hrs.

In one embodiment, contacting the posterior primdtive streak cells {which
typrcally express markers characteristic of posterior primitive streak (presumptive
mesodermy) and anterior primitive streak (presumptive endoderm)) with FGF9 alone
or together with FGF2 and/orFGEF20 results in differentiation of the cells toward a
population of cells expressing markers characteristic of intermediate mesodern (IM).
Non-limiting examples of markers characteristic of intermediate mesoderm include
P4X2, LHXT and OSRI.

(ii1) Differentiation of Intermediate Mesoderm (IM) into nephron prosenitors and

ureteric epithelial procenitors

Suitably, following contacting posterior primitive streak cells with FGF2,
FGFY and/or FGF20, resultant IM cells gre coniacted with FGF9 alone or in
combination with ene or more of BMP7, RA, RA antagonist, FGF20, a Wnt agonist
andf/or heparin in a suitable culture medivm in the absence of serum, such as APEL
differentiation medium.

Suitably, FGF9 is at a concentration of about 20 ng to 1 pg/ml. In a

preferred embodiment, FGF9 is at a concentration of about 50-500 ng/ml, more
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prefersbly abowt 100-300 ng/ml or advantageously about 200 ng/mL. Typically,
heparin is included at a concentration of about 0.1-10 ug/mL, preferably about 0.3-8
pg/mlL, 0.5- 2 pyg/mb or advantageously about 1 pg/mlL.

In an embodiment, FGF20 is at a concentration of about 20 ng to 1 pg/mL. In
a preferred embodiment, FGF 20 is at a concentration of about 30-500 ng/mL, more
preferably about 100-300 ng/ml. or advantageously about 200 ng/mL,

It will be appreciated that FGF20 may replace or supplement FGF9, as these
agents have similar biological activities.

In an embodiment, BMP7 is at a concentration of gbout 25 to 75 ng/ml. Ina
preferred embodiment, BMP7 is at a conceniration of about 35-60 ng/ml, 45-35
ng/mb. or advantageously about 50 ng/ml.

In an embodiment, RA is at a concentration of aboutabout 10 pM to 1 uM. In
a preferred embodiment, RA is at a concentration of about 30 pM to 0.5 uM, more
preferably about 50 pM to 0.2 uM or advantageousty about 0.1 pM. Although not
binding on the present invention, preliminary data suggest that higher concentrations
of RA promote a relative increase in the proportion of ureteric epithelial progeniior
cells and that lower concentrations of RA promote a relative decresse in the
proportion of ureteric epithelial progenitor cells.

in an embodiment, an RA antagonist such as AGNI193109 i at a
conceniration of about 50 pM to 10 uM. In a preferred embodiment, AGN193109 i3
at a concentration of about 0.01uM to 5§ pM, more preferably about 0.1pM t0 5 uM
or advaniageously about 1 pM. Although not binding on the present invention,
preliminary data suggest that higher concentrations of AGNI19310¢ promote a
relative increase inthe proportion of metanephric mesenchyme cells.

In an embodiment, a Wnt agonist such as CHIR99021 is present at a
concentration in the range of about 0.1 puM to 10 pM, preferably about 0.2pM to §
pM or more preferably at about 1-2 uM.

Although not binding on the present invention, preliminary data suggest that
the Wit agonist promotes a relative increase in the production of nephron progenitor
cells from the IM cells. Preferably, cells are contacted with FGF? alone or together
with one or more of BMP7, RA, Wnt agonist, RA antagonist and/or FGF20 plos
heparin for at least 72 hours but not more than 360 hours. Preferably, the cells are

contacted for about 160-220 hre or more preferably for about 190-200 hours.
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The culture medivm may be changed every 48-72 hrs.

Typically, contacting intermediate mesoderm cells with FGF9 alone or
together with one or more of BMP7, RA, an RA antagonist; ¢ Wnt agonist andior
FGP20 and preferably heparin, as disclosed herein, differentistes the intermediate
mesoderm cells into cells of metanephric mesenchyme and ureteric epithelium cell
lineages. The metanepliric mesenchyme lineage includes nephron progenitor cells
that are optimally produced after abouat 72 hrs of culture in FGFY and heparin, It is
also proposed that the presence, absence and/or concentration of RA analog or
agonist and/or RA antagonist may be chosen to manipulate the relative amount of
ureteric epithelium that is prodoced by the method, compared to metanephric
mesenchyme that is produced by the method. As described previously, RA promotes
the formation of ureteric epithelium at the expense of metanephric mesenchyme,
whereas an RA antagonist such as AGNI193109 promotes the formation of
metanephric mesenchyme at the expense of ureteric epithelium. A Wnt agonist such
as CHIR99021 may also promotes the survival and/or formation of metanephric
mesenchyme at the expense of ureteric epithelium.

Non-limiting examples of markers characteristic or representative of vells of
the metanephric mesenchyme lineage or cells thereof include W77, SIXI, S1X2,
SALLE, GDNF andor HOXD {1, although without limitation thereto.

Non-limiting examples of markers characteristic or representative of nephron
progenitor cells include WTI, SIX2, CITEDI, PAX2, GDNF, SALLI and HOXDI !,
althoupgh withowt himitation thereto.

Non-limiting examples of markers characteristic or representative of cells of
the ureteric epithelal lineage include HOXB7, GATA3, CALRI, E-CADHERIN,
PAX2 gndfor cRET, although without limitation thereto.

Nephron progenitor cells are likely to be maximaily generated 11-15 days, or
advantageously 14 days {range of day 11 to 15) after commencement of the method
from the start of hPSC cell culture, based upon the co-expression of WT{, SIX2.
CITEDI, PAX2, GDNF, S4LLTI and HOXDI 1

Ureteric epithelial progenitor cells may be maximally gencrated atter at least
10 days, or advantageously 14 days after commencement of the method from the
start of hPSC culture, based upon the co-expression of HOXB7, <RET, E-
CADHERIN and PAX2.
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entirgly throughout, both steps (i) and (ii) described herein, More preferably, a Wat
agomst such as CHIRO9021 is present for at least part of stop (1) deseribed herein.

A particulariy preferred method therefor includes the sequential steps of:

(3y  contacting human pluripotent stem (hPCS) cells  with
CHIRS9021 to facilitate differentiation of the hPSC cells info
posterior privaitive streak cells;

(b}  contacting the posterior primitive streak cells with FGF9,
alone or together with an RA antagomst such as AGNI93109, o
facilitate differentiation of the posterior primitive streak cells into IM
cells; and

{c}  comtacting the IM cells with FGF9 and heparin, alone or
together with an RA antagonist such as AGN193109, to thereby
produce nephron progenitor cells and ureteric epithelial progenitor
cells from the IM cells.

According to this preferred form, it is possible to facilitate kidney
differentiation from an initial population of hES cells in a total culture period of
about 1& - 20 days.

In light of the foregoing, reference to protein agents such as BMP4, BMP7,
Activin A, FGF2, FGIY and FGF20 should be understood as encompassing native er
recombinant or chemical synthetic proteins of any mammalian origin, inclusive of
human, mouse and rat, although without limitation thereto. Furthermore, these
proteins may include chemical modifications, glycosylation, lipidation, {abels such
as biotin and additional amino acid sequences such as epitope tags or fusion partners
ag are well known in the art. Typically, the aforementioned proteins may be obtained
commercially and/or prepared as recombinant or chemical synthetic proteins by
routine laboratory or manufacturing procedures.

in another aspect, the invention provides isclated or purified nephron
progenttor cells and/or vreteric epithelial progenitor cells produced according to the
method disclosed herein.

It wil] be appreciated that nephron progenitor cells and/or ureteric epithelial
progenitor cells may be obtained after an appropriate period of culture as
hereinbefore described and in some optional embodiments may be further enriched

or purified according to co-expression of surface markers. Cell enrichment or
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purification may be by any technique or process known in the art inclusive of flow
cytometric cell sorting (e.g. FACS), positive or negative cell selection by magnetic
immunobeads {e.g Dynabeads™), panning, density separation, complement

mediated lysis or the like, although without limitation thereto,

Kidney regeneration and transplantation

Chronic kidney disease 13 a serious medical condition that affects 31 million
Americans and 1.7 million Australians each vear. Patients can lose 90% of their
kidney function before they become symptomatic, resulting in kidoey faiture and
dialysis or a kidney transplant. Medicare expenditure in the U8, for end-stage renal
disease was estimated at $28 billion in 2010,

Accordingly, an aspect of the jnvention provides a method of producing a
kidney, or kidney cells or tissues, said methed including the step of differentiating
the kidney, or the kidaey cells or tissues from the isolated or purified nephron andfor
ureteric epithelial progenitor cells to thereby produce the kidney, or kidney cells or
tissues.

The invention provides a method for producing cells of the ureteric
epithelium and metanephric mesenchyme lineages or compartments. Preferably,
these cells are stmultaneously induced and direct the differentiation of each other in
vivo. These cells are capable of developing into distinct tubular epithelial structures,
mcluding ureteric tree and nephron progenitor mesenchyme. It is therefore proposed
that the hPSC cell-derived ureteric epithelium and/or nephron progenitor cells
produced according te the invention may be directed to differentiate into renal cells
from both the ureteric and mesenteric mesenchymal compartments.

Under appropriate conditions, the nephron progenitor cells may be capable of
differentiating into any nephron segment (other than coellecting duct) including
nephron epithelia such as connecting segment, distal convoluted tubule (DCT) cells,
distal straight tubule {(D8T} cells, proximal straight tubule (PST) segments | and 2,
PET cells, podocytes, glomerular endothelial cells, ascending loop of Henle and/or
descending loop of Henle, although without limitation thereto.

Furthermore, the capacity of these cells to ‘self-organise’ may therefore be
exploited lo facilitate kidney repair, such as by way of kidney tissue or organ

bicengineering.
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it will be gppreaated that one embodiment of the method of this aspect may
include adoptively transferring or transplanting the isolated or punified nephron
and/or ureteric epithclial progenitor cells into a human te thereby produoce the
kidney, or kidney cells or tissues,

According to this embodiment, differentiation of the isolated or purified
nephron and/or ureteric epithelial progenitor cells into the kidney or kidney cells or
{ISSUES OCTUTS i VEve

Ancther embodiment of the method of this aspect may include at least partly
differentiating the isolated or purified nephron and/or ureteric epithelial progenitor
cells in wiro into kidney, or kidoey cells or tissues, or progenitors of these. Suitably,
the at least partly in vitre differentiated cells kidney, or kidney cells or tissues, or
progenitors thereof, are adoptively transferred or transplanted into a human.

According to either or both embodiments, the kidney, kidney cells or tissues
may factiitate or contribute to regeneration of the kidney, cells or issues thereof.

One embodiment provides use of the isolated nephron progenitors and/or
ureteric epithelial progenitors to produce an engineered or artificial kidney, For
example, isolated nephron progenitors and/or ureteric epithelial progenitors may be
incorporated within a scaffold, such as a decellularised human kidney, polyester
fleece or biodegradable polymer scaffold, to thereby produce a regenerated renal
tubule structure.

Another embodiment of the invention provides use of kidney cells or tissues
differentiated from the isolated neplwon progenitors and/or ureteric epithelial
progenitors In devices for assisting or facilitating renal dialysis. For example,
hicartificial kidneys may be made by seeding kidney cells, or their progenitors into
reactors to produce a ‘renal assistance device’ for use in parallel with dialysis.

Also contemplated are “bioprinted™ kidneys or other nephron-containing
organs, organoids or organ-like structures using kidney cells or tissues differentiated
or otherwise obtained from the isclated nephron progenitors and/or ureteric epithelial
progenttors described herein.

By way of example only, Organovo partnered with invetech have developed
an organ printing machine which uses a hydrogel scaffold to place human cells in a
desired orientation to recreate human organs. Kidney cells or tissues differentiated or
otherwise obtained from the isolated nephron progenitors and/or ureteric epithelial

progemitors described herein may be used with machines, such as the Organovo



WO 2014/197934 PCT/AU2014/000608

5

10

15

20

25

maching referred o above, to develop a “bioprinted” human kiduey organeid or
kidney.

{t will also be appreciated that the directed differentiation of isolated nephron
progenttors andior ureteric epithelial progenitors described herein may provide
potential sources of purified, differentiated renal cell subtypes for cellular therapy.

For example, the isolated neplwon progenitors and/or ureteric epithelial
progenitors described herein may be useful for generating renal cells or tissnes after
gene correction in certain genctically-inherited renal conditions. For example,
correction of single gene renal disorders, including Alport syndrome (COQL4A3
mutation} and the polycvstic kidney discases (PKDI, PKD2 and others), may be
assisted or facilitated by regeneration of renal tissue from the isolated nephron
progenifors andfor ursteric epithelial progenitors described herein afler gene
correction.

o a particular embodiment, iPSC lines derived, obtained or originating from
a patient with genetic renal disease may be used for repair of genetic mutation{s) in
vitro. Such eells could be used according to the method of the invention and then

administered to the patent for autologous cellular therapy.

Nephrotoxicity screening

It will also be appreciated that the directed differentiation of isolated nephron
progenitors and/or urcteric epithelial progenitors described herein may provide
potential sonrces of purified, differentiated renal cell, renal organoids or venal tisspe
subtypes for nephrotoxicity screening.

The development of interventions aimed at preventing discase, including
drug and cellular-based therapies, 1s made difficuit by the lack of availability of
primary human kidney cells for in vitro drug testing.

Accordingly, another aspect of the invention provides a method of
determining the nephrotoxicity of one or a phurality of compounds, said methed
including the step of contacting the one or plurality of compounds with the nephron
progenitor cells andfor ureteric epithelial progenitor cells described herein, either as
an organoid or after isolation and purification, or kidney cells or tissues
differentiated or otherwise obtained therefrom, to thereby determine whether or not

the one or plurality of compeounds is nephrotoxic.
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Preferably, the method is performed using organoids or from isolated or
purified neplron progenitor cells, or kidney cells or tissues derived from the nephron
progenitor cells.

Many aseful drugs have nephrotoxic side effects, such as by direct tubular
effects (eg aminoglycoside antibiotics, cisplatin, radiocontrast media, NSAIDs,
ACE wnhibiiors), interstitial nephritis (e.g P lactam antibiotics, lithium, CsA, anti-
epileptic drugs such as phenvioin) or glomerulonephritis, for example. It may
therefore be advantageous fo fest new or existing drugs using defined, specific
kidney cells and tssue types differentiated or otherwise obtained from the isolated or
purified nephron progenifor cells described herein. The hereinbefore described
“bioprinted” kidney or bioprinted kidney organoid may also be applicable fo
nephrotoxicity screening.

Nephrotoxicity may be assessed or measured by any appropriate test for venal
cell function i wero, including decreased creatinine clearance or biomarker
expression such as by the Human Nephrotoxicity RT? Profiler™ PCR Array from
Qiagen or the High Content Analysis (HCA) Multiplexed Nephrotoxicity Assay
from Eurofins, although without limdtation thereto.

So that the invention may be readily understood and put into practical effect,

reference is made to the following non-limiting Examples.

EXAMPLES
Materials and Methods

HESC culture and differentiation

HES3 (MIXLITP™Y cells were routinely cultured on irradiated MEF feeder cells in
F12/DMEM {Life Technologies) supplemented with 20% KnockOul serum
replacement {Life Technologies), 100 pM MEM NEAA (Life Technologies), 110
uM  2-mercaptosthanol (Life Technologies), 1 x penicillin/streptomycin (Life
Technologies), 1 x Glutamnax (Life Technologies) and 10 ng/mL bFGF (R&D
systems). The day before starting differentiation, cells were plated at 12,000-15,000
cellsom’ on a Matrigel coated 96-well plate. Afier overnight culture, cells were
exposed to 30 ngiol BMP4 {(R&D systems) and 10 ng/ml Activin A (R&D
systems) or 8 ubM CHIR99021 in a previously established serum free media APEL
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for 2-3 days, then 200 ng/mL FGFY and 1 pg/mL Heparin in APEL media for 4 days
o induce IM cells, Subsequently cells were exposed to 200ng/ml FGF9, 50 ng/mL
BMP7, 0.1 uM RA and 1 pp/ml Heparin for 4-11 days in case of BMP4/Activin A
induction, In case of CHIR99021 induction, cells were exposed to 200ng/mL FGF9
and 1 pg/mL Heparin for 6 days then cultured in APEL basal media for another 6

days. Media was changed every 2 days.

Fluerescein-activated cell sorting

Cell suspension was prepared from undifferentiated or differentiated hESCs. hESCy
were harvested with TripLE Select {Life Technologies) at 37 °C for § min and
dissocinfed using fine-tipped pipettes. Afier the cells had been filtered through a 40
pm nvion mesh, they were resuspended in PBS containing 0.5% FCS and I mM
EDTA at a final density of 2 x 10” cells/ml. Propidium Jodide (Sigma) was added at
a final concentration of 50 mg/ml to label the dead cells. FACS analyses were done
with the FACS Aria (Becton Dickinson). Dead cells were excluded from the plots
based on propidium lodide. AH FACS analyses were successfully repeated more than

three thmes and representative resulis were shown,

Immunocytochemistey

Cells were fixed with 4% Paraformaldehyde in PBS for 10 min at 4 °C followed by a
wash with PBS. Then ¢ells were blocked with 1% BSA, 0.2% milk, 0.3%6 Trton X /
PBS for 1 hr at RT and incubated with primary antibodies ovemnight at 4 °C.
Secondary antibodies were incubated for 1 hr at RT. The following antibodies and
dilntions were used: rabbit anti-PAX2 (1:200, #71-6000, Zymed Laboratorics Inc.),
goat anti-OSR1 (1:75, #3¢-67723, Santa Cruz Biotechnelogy), goat anti-LHX1 (1:75,
#sc-19341, Santa Cruz Biotechnology), mouse anti-TBX6 (1:200, AF4744, R&D
systems), goat anti-SOX17 (1:200, #AF1924, R&D systems), rabhit anti-SIX2
{1:200, #11562-1-AP, Proteintech), mouse anti-ECAD (1:200, #610181, BD
Biosciences), rabbit anti-WT1 (1:100, #sc-192, Santa Cruz Biotechnology}, mouse
anti-HOXDI11 (1:200, $#SAB1403944, Sigma-Aldrich), goat anti-GATA3 (1,200,
AR08, R&D systems), rabbit anti-JAGE (1:200, #ab7771, Abcam), rabbit anti-
CDH6 {1:100, #HPAQD7047, Sigma Aldrich) and goat anti-SYNPO (1:200, #sc-

21537, Santa Cruz Biotechnology). Secondary antibodies were: Alexa-488-
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conjugated goat anti-rabbit, Alexa-394-conjugated donkey anti-rabbit, Alexa-488-
conjugated donkey anti-goat and Alexa-594-conjugated goat anti-mouse (1:250, Life
Technologies). Images were taken using Nikon Ti-U microscope or Zeiss 1L8M 510
Meta UV confocal microscope. All IF analyses were successfully repeated more than

three times and representative images were shown.

Immunefinorescence

Pellets were fixed with 4% PFA for 10 min at 4 °C, embedded in paraffin and
sectioned with 7 pmn thickness. Sections were blocked with sheep serum for | hr at
RT then antigen retrieval was performeed using Antigen Unmasking Solution (Vector
iabs). Primary antibodies were incubated overnight at 4 °C and secondary antibodies
were incubated for 1 hr at RT, The following antibodies and dilutions were used:
rabbit anti-CALB1 (1:200, #C2724, Sigma-Aldrich), rabbit anti-AQP1 (1:200, sc-
20814, Santa Cruz Biotechnology), rabbit anti-AQP2 {1:200, AB3274, Milhpore),
rabbit anti-SLC3A1 (11100, 16343-1-AP, Proteintech) and rabbit anti-human specific
mitochondria (HuMit) (1:800, #2b92824, Abcam). Frozen sections embedded in OCT
compound (Sakura} were used for staining with anti-human specific nuclet (HulNu)
{1:800, #MAB1281, Merck). Images were taken using Olympuas BX-51 microscope
or Zeiss L3M 510 Meta UV confocal microscope. All IF analyses were successfully

repeated more than three times and representative images were shown.

(Gene sxpresséion analysis

Total RNA was exiracted from cells using RNeasy micro kit (QIAGEN) and ¢cDNA
was synthesized from »100 ng RNA using Super Script I reverse transcriptase
{Life Technologies). Quantitive RT-PCR {(qRT-PCR)} analyses were performed with
Syber Green (Applied Biosystems) by ABI PRISM 7500 real-time PCR machine.
All ahsolute data were firstly normalized to GAPDH then normalized to control
samples {delta-delta-Ct method). Conventional RT-PCR analyses were performed
using OneTag DNA polymerase (NEB) as per manufacturer’s instruction. All RT-
PCR analvses were successfully repeated more than three fimes and representative
images were shown. The sequences of primers used for RT-PCR and qRT-PCR are
as listed (Table 1 and Table 2}.
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Quantitazion of proportion of induced cells

To guantify the proportion of differentiated cells positive for PAX2', LHXI,
SOX17, SIX2Y or WT1', cells were immunofluorescently stained with each
antibody together with the nuclear stain, DAPL The ratio of differentiated cells to
total cells was manvally counted using Image T in 1 or 2 representative fields per
experiment {total 3-5 representative fields from 3 independent experiments, 1-1.5 x

10" cells in total), nsing an Olympus BX-51 microscope, 10X objective,

3D cultures

hESC-derived indaced kidney cells were harvested and dissociated into single cells
using TripLE scleet (Lite Technologies) at day 12 to 13 of the differentiation. 10 x
1¢° cells were span down at x400 g for 2 min to form a pellet then placed onto a
filter membrane with 0.4 pm pore of 13 mm diameter F7060-1304 Whatman) with
Collagen IV (Becton Dickinson) coat al 10 pg/em®. The filter was foated on the
culture media of 10% FCS/DMEM for 4 days.

Re-aggregation assay

The re-aggregation assay wag performed as previously deseribed, ™ Briefly, a filter
membrane was coated with Collagen IV (Becton Dickinson) at 10 pg/fem®. For
preparing the embryonic kidney cells to be recombined, embryonic kidneys from
12.5-13.5 dpc mice were digested with Accutase (Life Technologies) at 37 °C for 10
min and dissociated by manually pipetting. After the cells had been filtered through a
100 pm nylon mesh, 4-16 x 107 of embryonic kidney cells were recombined with 4
% of hESC- derived cells then centrifuged at x400 g for 2 min fo form a pellet. The
pellet was placed on a filter membrane prepared as above and cultured for 4 days

with 10% FCS/DMEM culture media.

Resulis

We have defined a three stage framework for the differentiation of hESCs to
the key cellular compartments of the developing kidney, including genes that mark
or exclude a specific end result® (Fig. la). The primitive streak, the progenitor
population for both mesoderm and endoderm, can be induced from mouse ES cells

{mESCs) using Activin A7 with opposing gradients of BMP4 and Activin A
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specifying anterior {endoderm) versus posterior (mesoderm) primitive sireak in
2 RO B o . s - ; L s \ I
mice"”. Canonical Wat signalling has also been reported as an inducer for primitive

™% As the IM initially arises from the postetior

streak m mouse and human ESCs
primitive stresk, we first examined if hESCs responded to these morphogens in a
similar way fo mouse. We have previously shown that 20/100 (ng/mL) of
BMP4/Activin A induced GFP' primitive streak from the reporter hESC line,
MIXLIOTP i which GFP is knocked into MIXLI gene locus, @ robust marker of
primitive streak’’. Using this reporter line in monolayer culture, we tested several
combinations of BMP4 and Activin A (57200, 20/100, 30/10, 30/0 and ¢/0 ng/mL) or
varying concentrations of a canounical Wat signalling agonist, CHIR99G2]1 (5, 7, 9
uM) for optimsl differentiation, All in vitre experiments were performed under
chemically defined serum-fiee culture conditjons'”, Comparative expression af
MIXLI, T {posterior primitive streak), and SOX!7 (anterior primitive streak),
suggested that high BMP4 / low Activin A (30/10) or high CHIR99021 (>7 uM) was
optimal for posterior primitive streak (Fig. 1 ¢,d; Fig 2a-c). Under both conditions
approximately 90% of cells became GFP” (Fig. 1b).

The second stage of differentiation was to induce IM from primitive streak.
After gastrulation, the definitive mesoderm can give rise to 1M, paraxial (PM} and
inferal plate mesoderm {LPM). Previous studies investigating renal differentiation of
pluripotent cells have relied on OSRI as a definitive marker of IM and even MM
formation”. However, OSRI expression is seen in trunk mesoderm and extends into
LPM™. Spontaneous differentiation afler initial induction of primitive streak
{BMP4/Activin A (310}, 3 days) showed OSRI expression (Fig. 2d)} but ne
evidence of more definitive IM markers, P4X2 and LHXT'*'®, by cither RT-PCR or
immunofloorescence (IF) This indicated a need for further growth factors to
appropriately direct the next stage. FGF signalling was one possible requirement.
FGF8 1s expressed from primative streak through to posterior trunk mesederm and
FGEY is expressed in IM and PM'™®. MM survival in vitro is supported by culture
in cither FGF2/BMP7'? or FGF9™, We therefore tested the capacity of three FGF
family members, FGEF2, FGFE and FOFY9, to induce IM from posterior primitive
streak. hESC-induced posterior primitive streale was treated with 200 ng/ml of
FGFZ, 8 or 9 for 4 days before analysis via IF and gRT-PCR (Fig. le). In the
presence of FGF2 or FGF9, but not FGFS, OSR1, PAX2 and LHXT were coexpressed
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with >80% of cells PAX2', suggesting differential IM induction (Fig. 1£h). P4X2
and LHXT induoction in response to FGF2 or FGIF9 was dramatically inhibited by
PD173074, a chomical inhibitor for FGFR1 and FGFR3 (Fig. 3a.b). IM induction by
FGF9 was dose-dependent {(optimal at 200ngfml) with suppression of the LPM
markers, FOXFI (Fig. 11} and OSBRI (Fig. 3b). Cellular e-localisation of PAXZ and
(OSR1 proteins was observed after initial induction with either BMP4/Activin A or
CHIR®9021 followed by FGF9, with LHX1 and PAXZ proteins co-localised in
79.5% (& 4.7% s.d; =5) of cells {Fig. 3¢.d). Hence, an FOF signal 1y sufficient to
efficiently specify IM  after posterior primitive streak. In carly mesodenm
development, BMP signaling is the key morphogen regulating lateral-medial
patterning. Low BMP4 induces IM whereas high BMP4 induces LPM and NOG
{nogginy-medigted antagonism of BMP signgling is required for PM*. We
reproduced this patterning i vifre using BMP4 and NOG together with FGF9 (Fig.
1), Here, FOXFI was effectively suppressed by NOG while the induction of IM
markers P4X2 and LHXT was sustained only in the presence of FGF9 alone or low
NOG {Fig. 13; Fig. 4a,b). While the PM marker 7BX6 behaved in similar way to IM
markers {Fig. 4b), expression was low. IF revealed that TBX6" cells were a minor
population completely exclusive of the PAX2™ IM cells (Fig. 1k). The primilive
streak can also differentiate into endoderm, however IF showed only 0.244% (=
0.099% s.d.; n=5) of cells were positive for the defimtive endoderm marker, SOX17,
confirming the specificity of differentiation into mesoderm.

in mammals, the IM differentiates into the kidney, ponad and the adrenal.
The first structure to form is the nephric duct (ND) along which three paired
excretory organs form {pronephros, mesonephros and metanephros in order from
head to tail} fromn the same neplrogenic cord. Only the metanephros, representing
the final permanent kidney, persists post birth. Key in the formation of the
metanephros is reciprocal inductive events between key cellular components (Fig. 5).
The MM drives the outgrowth of the ureteric bud (UB)Aureteric epithelium (UE) via
the production of GDNF. The UE promotes the survival of the MM via the
production of FGFY and induces nephron formation via Wnt signaling. Afier
formation, cach nephron elongates and segments to form the many functionally
distinet cell tvpes that comprise the nephron (Fig. 5). Based on the evidence that
retinoic acid {RA) can promote ureteric epithelium outgrowth™, RA and BMP7 have

previously been shown to induce renal lineages from mESCs™ and FGF9 can
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maintain mouse nephron progenitors fn vitro™, we added 200 ng/ml. FGF9, 50
ng/ml BMP7 and 0.1 nM RA from day 0 to day 17 afier an initial indoction using
BMP4/Activin A (Fig 6a). RT-PCR across the entire differentiation protocol (Fig.
&b} revealed the stepwise differentiation from primitive streak (MIXLI, LHXT) to IM
{OSRI, PAXZ, LHXD) then MM (SIX2, WT1, GDNF, HOXDI1). The expression of
HOXDJ! indicated metanephros rather than mesonephms%. Importantly, the
simultaneous induction NI ¢ UE genes (C-RET™ and HOXR7™) was also observed
(Fig. 6b). Indeed, IF demonstrated the formation of ECAD'PAX2' epithelial
structures from day 14 (Fig. 6c). The formation of these early epithelial structures
was promoted by RA in a dose dependent manner (Fig. 7b), also supporting an
identity of UE®". Both this population and the surrounding mesenchyme showed
evidence of proliferation in vitre (Fig. 7a). As in the developing kidney, an initial
mesenchymal field positive for SIX2 and WT1 surrounded the ECAD" UE structures
(Fig. 6¢c,2) with this population peaking in prevalence at day 14 (Fig. 6d). The
pereentage of WT1 cells continued to increase after this time, possibly reflecting the
expression of this protein in both nephron progenilors and more differentiated
nephronr structures (Fig. 6c). RT-PCR at day 22 revealed evidence for further
differentiation based on the expression of podocyte (SYNPO, NPHSI and WT1),
proximal tubole (AQP! and SLC34AN) and collecting duct genes {(AQP2 and
SCNNBIY (Fig. 7¢). IF confinned the simulianeous presence of WTI and SYNPO
profeins, suggesting the formation of podocytes (Fig. 7d) although carly nephron
markers were not evident,

These data sugpest the coordinated differentiation of the multiple interacting
cellular compartments required for kidney development. While previous studies have
used RA and BMP7 in induction protocols, our data would suggest that this may not
be optimal for further differentiation. We base this on the transient expression of
SIX2, presence of a dispersed mesenchyme and no evidence for mesenchymal PAX2
expression, a feature of MM in the developing kidney. Addition of RA/FGF9 after
an initial CHIRDV021 induction generated sirong UE at the expense of condensed
PAXZ" MM around UE (Fig. 8a). In contrast, prolonged differentiation in FGF9
alone (note the removal of all factors after day 12; Fig. 61f) also induced the stepwise
induction of PS, IM and both MM/UE but with a faster induction of kidney markers
and a more prolonged expression of MM genes, such as SIX2 (Fig. 6ghj). Another

UE marker, GATA3, was co-expressed in the PAX2" UE and, more importantly, the
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MM appeared to condense Hghtly around the UE tips as ig seen in the developing
kidney (Fig. 6hgk). Critically, this protoco! showed evidence for PAX2 expression
in both the mesenchyme and the UE (Fig. 6k} more indicative of nephrogenic
potential. Finally, the expression of HOXDIl in both WT1” and WT1 cells
demonstrates the additional presence of renal stroma (Fig. 8¢), also supported by
expression of FOXDH (Fig. 8b).

During embryogenesis, IM also gives nise to gonad and adrenal cortex. The
expression levels of markers for these tissues were no higher than is seen in human
fetal kidoey (Fig. 8b} suggesting that these alternative fates gre not significantly
selected. The transferability of this differentiation protocol from one hESC cell line
to another was investipated using the HY9 hESC cell line and human iPS cell line
CRL2429 CIt (Fig. 9). The initial induction of posterior primitive streak,
subsequent induction of IM in response to FGF9 and onward differentiation was also
observed using these cell hines.

The tormation of what appeared to be all requisite cell populations for kidney
development suggested the potential for these cells to signal between each other 1o
generate a self-organising tisspe. Critically, this must include the formation of
nephrons. To further assess the ability for this to occur, we initially examined the
spoptanecus differentiation of these pseudo-2D cultures using ouwr CHIR99021/FGF9
induction protoco! followed by withdrawal of growth factors from day 12-18 (Fig.
&d-f). By day 18, clongating BCAD™ UE was surrounded by clumps of mesenchyme
positive for three MM markers, WT1, SIX2 and PAX2 (Fig. 8d-f). This MM formed
what appeared o be early nephrons/renal vesicles (RVs) as indicated by JAG! and
CDH6 protein {Fig. 8f1 Fig. 5). We alse observed the formation of humens
connecting UE and RV as oceurs i vive during nephron maturation (Fig. 8f, lower
right}).

Nephron formation progresses post-RV via a complicated process of
segmentation, patterning and differentiation® with the expression of specific markers
defining the identity and function of each nephron segment from the glomerulus
through proximal tebule to distal tubule (Fig. 5). To test for functional integration
into kidney tissue, we used a previcously characterized re-aggregation assay which
represents a stringent assay of the renal potential of a test population =~ (Fig. 10a).
In this assay, mouse embryonic kidneys were dissociated to single cells then re-

aggregated with either undifferentiated hESC (control) er hEST at day 12-13 of renal
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differentiation. After 4 days of culture as re-aggregates, these were sectioned and
examined using IF. Cells derived from hESCs were identified using an antibody to
human mitechondrial DNA (Fig. 10c armowheads). hESC-derived cells induced using
the CHIRSSO21/FGE? protocol integrated into all major cellular compartments of
the developing kidney, including PAX2 CALB' UE (upper panels), CDH6 JAGT
carly neplwon / RV {middle panels) and the SIX2'WT1" nephron progenitor
mesenchyme {lower panels), while hESC-derived cells indoced using BMP4: Activin
AFGFO/FGFEBMPTRA only incorporated inte MM and UE. Such integration did
not ocowr in re-aggregations including undifferentigted hES cells. Instead, this
resulted in the complete disruption of renal development and the formation of large
evsts lined with hES-denived epithelium (Fig. 10b).

In vive, the kidney forms in three dimensions. Isolated embryonic kidneys
can grow as organoids at an air-media interface, successfully forming a branching
ureteric epithelium in response to a swrrounding MM and undergoing nephron
formation, patterning and early segmentation. hESC differentiation was performed as
monolayers which may represent an adverse envirenment for self-organisation and
morphogenesis. To test the effect of the shape of cultures on self-organisation, we
lifted and replated the differentiating hESC cultures after IM comumitment {day 6) at
differing cell density (Fig. 1la) followed by continued culture as per the
CHIRS9021/FGFO protocol. At day 18, cultures replated at higher density formed a
uniform monolayer while those replated at lower density created many small, domed
organoids separated across the plate. While WT1" MM and ECAD" UE were present
under both conditions, the smaller domed colonies formed closely packed and more
advanced structures {Fig. 11b) suggesting that the more 3D environment enhanced
self-organisation,

If all requisite cell popuolations are present for kidney morphogenesis, hESC
cultures direcied towards kidney differentiation should be able to form kidney
organoids in the absence of any other supporting cells. To test this, hESC cultures
differentiated to day 18 were enzymatically dissociated then pelleted wvia
culture conditions for embryonic mouse kidney explants cultures (10%FCS/DMEM
without growth factors). Histological analysis of the resulting pellets revealed
ECAD" tubules that displayed either co-1F for the UE markers PAX2 and AQP2, or
the proximal tubule markers AQP1 and SLC3AL The presence of WT1PAX2" MM
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surrounding the ECAD™ UE was also observed, as was ovidence for JAGIECAD”
RV formation (Fig. 12b  hESC-derived). All of these structures were
indistinguishable from the same structures formed via the dissociation and re-
aggregation of normal mouse embryonic kidney (Fig 12b E13.5 mEK), verifving the
genuine self-organisation capacity of the cells present after the CHIR99021/FGF9
directed differentiation protocol. Pellets from three independeni experiments were
analysed with 83% revealing self-organising structures (5/6 pellets). The same level
of differentiation was not observed afier BMP4:Activin A/FGFY/FGF:BMP7.RA.,

The method disclosed herein method facilitates simultaneous induction of
hoth nephron-fieming mesenchyme and ureteric epitheliuvm, which includes and
results from intorsction between these developing cells and tissues. Both cell and
tissue types form to varying degrees even with FGF9 alone through Siages 2 and 3.
The addition of other factors such as BMP7, RA and Wnt agonist will vary the
ontcome in terms of the relative abundance of mesenchyme and the ureteric
epithehium produced.

Te optimally produce mesenchyme and nephrons, FGF9 in Stage 2 is enough
to patterns the nexi step, but the addition of BMP7 together with FGF9 in Stage 3
shightly improves the mesenchyme but morg importantly makes the ureteric tree less
“sheet-like™. It 1s also proposed that too much FGFY is ultimately not optimal. This
has been assessed in microbioreactor studies, the resulis of which are shown FIG 13,

With respect to RA, increasing RA increases the production of ureteric
epithelium at the expense of mesenchyme (/. e produces more inappropriate GATA3+
mesenchyme).

We also forther analyzed the role of CHIR99021 and found that the more
present in the first 2 days in culture, the more urcteric bud is produced with 6 uM
heing better than SuM (FIG 14). However, a longer time in CHIR99021 {4 versus 2
days) gives more tubular structures versus sheets which ultimately have more
mesenchyme that shows an ability to form more mature podocyte markers As
sommarized on FIG, 15 is that gach cell line is likely to also need optimisation for
the concentration and duration of CHIR99021 in Stage 1.

In addition, production of mesenchyme is improved if we continue 1o include
CHIR99021 {Wnt agonist used in Stage 1) at 1pM through Stage 2 and 3 and if we
add an antagomist of RA (eg. AGN193109). This is because we are posteriorising
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the mesenchyme to be more hike metanephros (i e. gives rise to permanent kidney)
versus mesonephros {f.e. regresses during development), We are determining this
better mesenchvinal outcome in terms of increased HOXDI11 expression (imore
specific to metanephros) and SIXZ, SIX1, WTI1, EYALl (ie all higher in
metaneplvos). We do still produce ureteric epithelium with these present, but
perhaps not as much as without these or with RA. This is summarized in FIGS 16-
19. Basad oo this additional optimisation, it is proposed that different starting cells
{e.g. different hPSC from different patients) will vary slightly in their responses to
the dose and timing of each stage such that we may need more or less CHIR, RA or
RA amtagonist, FGF9 and/or BMP7 for each, Thus it is likely that optimization of the
response of different patient cell lines will oceur cell line by cell line. More
importantly, to investigate a patient cel] line with a mutation in a gene critical for the

neplyons, we may choose to maximise the mesenchyme made {e.g produce more

metanephric mesenchvme) by using CHIR99021 and an RA antagonist such as

AGNI93106 in stage 3 or in stages 2 and 3. Conversely, in a patient with a mutation
in a gene affecting the collecting ducts, we might maximise the ureteric epithelivun
induced {e.g produce more ureteric bud) by having initially less CHIR99021 and
adding RA in stage 3.

FIGS 20 and 21 show evidence that the method disclosed hersin works on
patient-derived IPSCs as well as hESCs. Data is shown from two different patient
cells lines.

The capacity of cells to “self-nrganise’ during both development and wound
repair has long been documented®™®. During ‘self-organisation’, distinet cell types
take up specific patterns with respect to each other to create the complex structures
that exist within an organ. Thix process is thought to involve specific cell-cell
recognition and is likely to require appropriate ligand-receptor signalling and cell-
matrix  inferactions. Recent studies in which hESCs have been induced to
differentiate in culfure has revealed that 3D morphogenesis of tissues as complex as
opiic cup, pituitary or intestine can occur via ‘self-orgamisation’ of the component

cells” ™. This implies a sophisticated capacity for a complex aggregate of cells to
pattern or “self-organise’. Several previous studies have reported the directed

8133435 None of these

differentiation of hESC to IM, pedocyte or proximal tubule
reported the simultaneous induction of UB and MM-derived structures or evidence

of self-organisation although the growth factor regimes used were similar, Several
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critical differencey exist in our approach, This is the first approach utilising FGF9
which has recently been shown to be critical for MM survival. Loss of FGF9 and
FGF20 results in renal agenesis and a lack of FGF9 renders the MM unable to
support continued development™. We regard this as a oriticsl and defining
component of owr protecel. Secondly, a stringent requiremnent for co-expression of
combinations of genes/proteins to identify an endpoint, particularly at the stage of
IM, bhas allowed us to more definitively evaluate success, In addition, we have not
serted subpopulations for subsequent differentiation, thereby allowing the influence
of surrounding non-target cell types to influence the cultures as & whole. Given the
described role of PM and tailbud signalling at various stages of kidney
development™?, this may have promoted the coordinated differentiation of ail
communicating cell types required for formation of the kidney.

The described hESC differentiation process generates reciprocally-inducing
kidney progenitor populations able to self-organise to form carly nephrons. This
represenis a significant advancement towards the generation of renal tissue from
pluripotent cell sources, However, normal kidney development involves a careful
balance between the self-renewal of nephron progenitors versus their differentiation
mto nephrons. The differentiated hESC cultures described here showed the
formation of many RVs but the significant loss of nephron progenifors with time,
evoking the phenotype of premature progenitor differentiation seen in Six2 mutant
mice’. This is 2 key challenge and suggests scope for improvement in the
differentiation  protocel, potentially requiring alterations to growth factors,
extracelinlar matrix and/or oxygen tension™*** to more fully reproduce those of the
embryonic kidney. A staged shift to organoid culture in bioreattors may also
facilitate a more 3D environment.

In summary, here we report the successful differentiation of pluripotent cells
to a self-organising kidney. The coordinated induction of cells from the various key
cellular populations involved in kidney development again demonsirates the
requirement for interacting niches for the creation of complex morphogenetic
structures, The capacity for such populations to undergo self-organisation in vitro
bodes well for the future of tissue / organ bioengineering. The fact that we can form
organoids from differentiated hES cell cultures slone opens the possibility of

gencrating tissue-based nephrotoxicity screens, in vitro disease models or developing
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fransplantable erganoids to supplement renal function. It also suggests the feasibility
of gensrating specific mature venal cell types for later purification.

Particular uses of the cells generated using this method may include:

+  (enerating mini-kidney organoids or purified renal cell for nephrotoxicity

SCrEening;

e  Generating nuni-kidney organoids or purified renal cell for disease
modelling, sither in general or patient by patient; and/or

s Cencrating rini-kidney organoids or purified renal cell iypes for drg
screening for the therapeutic treatment of kidney disease.

These could be performed 1o microbioreactors or after bioprinting into a
larger format screen. For disease modelling or drug screening, it is likely we would
purify individual cell types and culture them i a manner or format that would
provide useful information based upon the specific disease. For example, we might
isolale UB and grow in matrigel cultares to assess cyst formation (e.g for diseases
such as nephronopthisis) or isclate MM to make podocytes (e.g for diseases such as
Finnish nephropathy or Alport syndrome).

Particular examiples of cellular therapies and organ replacement or repair may
inchude:

» (enerating kidney cell types for cellular therapy (acute kidney injury or
chronic kidney injury);
*  Generating kidney cell types for whole organ replacement bioengineering,

which may need fo link together multiple smaller kidneys to form a

replacement ‘organ’; and/or

» Generating kidney cell types for recellularisation of decelluiarised scaffolds.

Throughout the specification the aim has been fo describe the preferred
embodiments of the invention without limiting the invention to any one embodiment
or specific collection of features. It will therefore be appreciated by those of skill in
the art that, in light of the instant disclosure, various moedifications and changes can
be made in the particulsr embodiments exemplified without departing from the seope
of the present invention,

All computer programs, algorithms, patent and scientific literature referred to

herein is incorporated herein by reference.
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Table 1: Sequences of primers used for RT-PCR

PCT/AU2014/000608

Forward (8-3% Reverse {539

P4X2 TATGCACTGCAAAGCAGACC 1 GAAAGGCTGCTGAACTTTGO
LEXE ATGUAACCTGACCGAGAAGT CALGTCGCTAGGGGAGATG
ISR TTCAGCTAAAGCCCCAGAGA COGCACTTTGGAGAAAGAAG
MIXTL ] GOTACCCCCACATCLACTT TTCAGAGAGAGGGGAACAGG

7 AGGTACCCAAUCCTGAGGAG GATGGGTGAGGGGTGTGTAG

| CRET CCGCACACGGCTGCATGAGA AAGGTGCCTGGUOGTCGOTT

L HOXB? COATGCAGGGCTTGTACCCL GGCCTCGTTTGCGGTCAGTT
Six2 GCCGAGGCCAAGGAAAGGGAGAA | AGCAGTGCGOGGGUTGGATGA
Wri CGCACGGTGTCTICAGAGGC CCTOTATGAGTCCTGOTGTGGGT
GONE CTGCCTGGTGCTGOTCCACA AGCTGCAGCCTGCCGATICC
HOXDI1I CCACGGTCAACTCGGGACCT TICCTACAGACCCCGCCOTG
PAXS GGCAACCTACGCAAGATGGC TGAGGGCTGTGTCTGTTCGG
SYNPQ TCTACCATGGCTACCTGCCT TTCCGGGTAGAGAAGGAGGG
NPHS1 GAGTATGAGTGCCAGGTCGG ATGGTGATGTCAGGTGUTGG
AQPI GLCGTGACCTTGGTOGCTCA TGGCCGCTGGTCCACACCTY
AQP2 { TCTGCTCCATOGAGATCACGCCA ATCGGTGGAGGCGAAGATGCA
SCNNBI CTTCACGAGCAGAGGTCATACC GGACCTCAGAACCATTCACGGT
SLC3AL TACGGTTCTGOUTCACAAAGGS GCTCCGAGTATTGTOGTGACCG
GAPDH COAGATCCCTCCAAAATCAA GTCTTCTGGGTGGCAGTGAT

10
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PCT/AU2014/000608

PCR
Forward (539 3 _ Reverse (5'-30)
50Xi7 ACGCCGAGTTOAGCAAGA TCTGCCTCCTCCACGAAG
7 AGGTACCCAACCUTGAGGA GCAGGTCGAGTIGTCAGAATAGGT
MIXLI § GGTACCCCGACATCCACTT GCCTGTTCTGGAACCATACCT
OSRI GOACCTUTGCGOAACAAG TGCAGGGAAGGGTGGATA
P4X2 GOSACCCOGUOTTACTAAT AACTAGTGGCGGTCATAGGC
LHXT ATGCAACCTGACCGAGAAGT CAGGTCGCTAGGGGAGATG
; ThXs CATCC ACGAGAATTGTACCCG AGCAATCCAGTTTAGGGGTGT
PARAXIS | GCGGGCAGTGCCAAGGGCG CCCTCACCTTCAAGCAGCTIGC
| FOXFI | GCGGCTTCOGAAGGAAATG CAAGTGGCCGTICATCATGC
OCT4 AGCAAAACCCGGAGGAGT CCACATCGGCCTGTGTATATC
NANOG | AAGGCCTCAGCACCTACCTA | ATTGGAAGGTTCCCAGTEGS
SIX2 COCCCATGTGGGTCAGTGGG AGCCGGGAGCGCTGTAGTCA
HOXDI} GUCAGTGTGCTGTCGTTCCC CTFCCTACAGACCCCGCCGT
HOXB7 | GCCTACAAATCATCCGGCCA | GOTTGGAAGCAAACGCACAA
FOXDI CACTCTGCACCAAGGGACTG CCTCGAGCGCGCTAACATAG
SOX9 CCOAAAGCGGAGCTCGAAAC AGTTTCCGGGGTTGAAACTGG
SF GTGTACCAAGTGTGGAGGGG AGOGTGCTTCACCCAGTTCAG
GATAG | CATGACTCCAACTTCCACCT ACTTGAGCTCGCTGTICTCG
GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC
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CLAIMS

A method of producing nephron progenitor cells and ureteric epithelial progenitor cells
including the step of contacting intermediate mesoderm (IM) cells with: fibroblast growth factor
9 (FGF9) and/or fibroblast growth factor 20 (FGF20); and optionally, one or more selected from
the group consisting of: bone morphogenic protein 7 (BMP7); heparin; a Wnt agonist; retinoic
acid (RA), analog or agonist; and an RA antagonist; to thereby produce nephron progenitor cells

and ureteric epithelial progenitor cells from the IM cells.

The method of Claim 1, wherein FGF9 and/or FGF 20 is at a concentration selected from the
group consisting of: in the range of about 20 ng to 1 pg/mL; in the range of about 50-500
ng/mL; in the range of about 100-300 ng/mL; and about 200 ng/mL.

The method of Claim 1 or Claim 2, wherein BMP7 is present at a concentration selected from
the group consisting of: in the range of about 25 to 75 ng/mL; in the range of about 35 to 60
ng/mL; in the range of about 45 to 55 ng/mkL; and about 50 ng/mL..

The method of any preceding claim, wherein RA, analog or agonist, increases the relative

production of ureteric epithelial progenitor cells from the 1M cells.

The method of any preceding claim, wherein RA, analog or agonist, is present at a concentration
selected from the group consisting of: in the range of about 10 pM to 1 uM; in the range of about
30 pM to 0.5 pM; in the range of about 50 pM to 0.2 pM; and about 0.1 uM.

The method of any preceding claim, wherein the RA antagonist decreases the relative

production of ureteric progenitor cells from the IM cells.

The method of any preceding claim, wherein the RA antagonist is present at a concentration
selected from the group consisting of: in the range of about 0.50 pM to 10 uM; in the range of
about 0.01 pM to 5 uM; in the range of about 0.1 pM to 5 pM; and about T pM.

The method of any preceding claim, wherein the Wnt agonist increases the relative production

of nephron progenitor progenitor cells from the IM cells.
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The method of any preceding claim, wherein the Wnt agonist is present at a concentration
selected from the group consisting of’ in the range of about 0.1 pM to 10 pM; in the range of
about 0.2 uM to 5 uM; and in the range of about 1-2 pM.

The method of any preceding claim, wherein heparin is present at a concentration in the range of

about 0.1-10 pg/mL.

The method of any preceding claim, wherein the intermediate mesoderm (IM) cells are
contacted with FGF9 alone or in combination with one or more of BMP7, RA, the RA
antagonist, the Wnt agonist, FGF20 and/or heparin for about 72-360 hrs.

The method of any preceding claim, wherein the nephron progenitor cells and ureteric epithelial

progenitor cells are produced synchronously or simultaneously from the IM cells.

The method of any preceding claim, which includes contacting posterior primitive streak cells
with one or more agents that facilitate differentiation of the posterior primitive streak cells into

said IM cells.

The method of Claim 13, which includes contacting human pluripotent stem cells (hPSCs) with
one or more agents that facilitate differentiation of the hPSCs into said posterior primitive streak

cells.

The method of Claim 14, wherein the hPSCs are human embryonic stem cells or induced human

pluripotent stem cells.
The method of any.preceding claim that includes the sequential steps of:

(@) contacting human pluripotent stem (hPCS) cells with one or more agents that facilitate

differentiation of the hPSC cells into posterior primitive streak cells;

(b) contacting posterior primitive streak cells with one or more agents that facilitate

differentiation of the posterior primitive streak cells into IM cells; and

(c) contacting IM cells with FGF9 in combination with one or mote of BMP7; RA; an RA
antagonist; a Wnt agonist; FGF20; and/or heparin to thereby produce nephron progenitor

cells and ureteric epithelial progenitor cells from the IM cells.
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The method of any one of Claims 13 to 16, wherein the one or more agents contacted with the
posterior primitive streak cells include fibroblast growth factor & (FGF9) alone or in

combination with FGF2 and/or FGF20.

The method of Claim 17, wherein FGF9, FGF2 and/or FGF20 are at a concentration of about
100 to 400 ng/mL.

The methed of any one of Claims 14 to 18, wherein the one or more agents contacted with the

hPSCs include BMP4, Activin A and/or a Wnt agonist.

The method of Claim 19, wherein (i) BMP4 is at a concentration of about 5-40 ng/mL; (ii)

Activin A is at a concentration of about 3-40 ng/mL; and/or the Wnt agonist is at a concentration

in the range of about 0.5 to 50 pM.

The method of Claim 16 that includes the sequential steps of

(a) contacting human pluripotent stem (hPCS) cells with a Wnt agonist to facilitate

differentiation of the hPSC cells into posterior primitive streak cells;

(b) contacting the posterior primitive streak cells with FGF9, alone or together with an RA
antagonist, to facilitate differentiation of the posterior primitive streak cells'into IM

cells; and

(c) contacting the IM cells with FGF9 alone or in combination with one or more of BMP7;
RA; an RA antagonist: a Wnt agonist; FGF20; and/or heparin to thereby produce

nephron progenitor cells and ureteric epithelial progenitor cells from the IM cells.

The method of any preceding claim, further including the step of identifying viable nephron

progenitor cells and/or ureteric epithelial progenitor cells.

The method of Claim 22, wherein identification of viable nephron progenitor cells and/or
ureteric epithélial progenitor cells includes measurement or detection of co-expression of a
plurality of nucleic acids and/or proteins as markers that identify or distinguish viable nephron

and/or ureteric epithelial progenitor cells.
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A method of producing a kidney, or kidney cells or tissues, said method including the step
of

(i) performing the method of any one of claims 1 to 23 to produce nephron progenitor cells

and ureteric epithelial progenitor cells;

(ii) differentiating the nephron progenitor cells and ureteric epithelial progenitor cells to

thereby produce the kidney, or kidney cells or tissues.

A method of determining the nephrotoxicity of one or a plurality of compounds, said method

including the step of

(i) performing the method of any one of claims 1 to 23 to produce nephron progenitor cells

and ureteric epithelial progenitor cells;

(ii) contacting the one or plurality of compounds with the nephron progenitor cells and
ureteric epithelial progenitor cells, or kidney cells or tissues differentiated or otherwise
obtained therefrom, to thereby determine whether or not the one or plurality of compounds

is nephrotoxic.

The method of Claim 25, wherein the method of determining the nephrotoxicity of one or a
plurality of compounds is performed by contacting the one or plurality of compounds with a

renal organoid.
The method of Claim 1, that includes the step of contacting IM cells with:
(2) fibroblast growth factor 9 (FGF9) and/or fibroblast growth factor 20 (FGF20); and

(b)  one or more selected from the group consisting of: heparin; a Wnt agonist; retinoic

acid (RA), analog or agonist; and an RA antagonist.



