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SUMMARY

Organoids derived from human stem cells are a promising approach for disease modeling, regenerative med-
icine, and fundamental research. However, organoid variability and limited control over morphological
outcomes remain as challenges. One open question is the extent to which engineering control over culture
conditions can guide organoids to specific compositions. Here, we extend a DNA “velcro” cell patterning
approach, precisely controlling the number and ratio of human induced pluripotent stem cell-derived progen-
itors contributing to nephron progenitor (NP) organoids and mosaic NP/ureteric bud (UB) tip cell organoids
within arrays of microwells. We demonstrate long-term control over organoid size and morphology, de-
coupled from geometric constraints. We then show emergent trends in organoid tissue proportions that
depend on initial progenitor cell composition. These include higher nephron and stromal cell representation
in mosaic NP/UB organoids vs. NP-only organoids and a “goldilocks” initial cell ratio in mosaic organoids

that optimizes the formation of proximal tubule structures.

INTRODUCTION

Kidneys are structurally and compositionally complex organs that
remove waste, maintain fluid and biochemical homeostasis, and
produce hormones with diverse functions.” Kidney organoids
derived from human induced pluripotent stem cells (hiPSCs) offer
an in vitro means of modeling kidney development and disease,
conducting drug and genetic screens, and producing renal
replacement tissue.? ° Long-term, the generation of fully functional
tissues for transplantation could benefit the 1 in 10 people globally
who suffer from kidney disease.” To date, many of the more than
26 renal cell types have been differentiated in kidney organo-
ids.>*8~1® Additionally, self-organization alone of differentiating
kidney progenitors is capable of creating proximal-to-distal seg-
mentation of nephrons and some branching morphogenesis of
ureteric bud (UB) epithelium (the future urinary collection
network)."®72° However, the application of kidney organoids
for renal replacement therapy has been hindered by several major
roadblocks, such as limited organoid production scale, reproduc-
ibility, physiologic structure, connectivity, and functionality.”’ Def-
icits in organoids include insufficient branching of the collecting
ducttree, incomplete fusion between UB tips and functional neph-
rons, and the absence of a single urinary exit path.*?
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Variability in kidney organoids also poses a barrier to their im-
plementation in drug, phenotypic, and toxicological screens.”®
Prior studies predominantly characterized limited reproducibility
between batches and in organoids derived from different stem
cell lines.'®?*2” However, variation in morphogenetic patterning,
even within batches, highlights the need to standardize local mi-
croenvironments and circumvent limitations in self-assembly out-
comes that contribute to unpredictable organization of tissue
types within organoids.?® The inherent complexity of the kidney,
both structurally and compositionally, is likely a major factor
contributing to this variability. For example, mimicking kidney
structure and organization in organoids will require the contribu-
tion of several progenitor cell populations, which arise from
different spatiotemporal origins in vivo,*'” 1280 whereas, e.g.,
gut organoids produce high cell diversity and crypt organization
from a single Lgr5+ population.®’

Previous approaches to mitigate organoid limitations have
focused on controlling biochemical signaling.®'%'°?® However,
their modest success motivates new modes of engineering con-
trol over other factors, such as initial cell population size, multi-
progenitor composition, and boundary conditions,'%%?3% with
advantages recently emerging.>>%1"*3 Several studies have
demonstrated that controlling size and spatial characteristics
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of organoids and other pluripotent cell cultures can bias their
development toward specific outcomes.*** Emerging efforts
for kidney organoids have begun to demonstrate similar
advantages, for example, by miniaturizing kidney organoid pro-
duction'"*® or standardizing geometric features using bio-
printing.® However, scalable suspension culture methods lack
control over initial cell quantities, imparting variability in micro-
organoids,”>'" whereas microwell systems rely on geometric
confinement to produce single organoids per well.*”*® Thus,
no engineering approach has combined precise control of initial
size and cell composition (independent of physical boundary
conditions), extended culture/imaging, and high throughput.

Here, we modulate organoid outcomes by adjusting the
numbers and ratios of kidney progenitors seeded into organoid
cultures. We integrate a high-precision, rapid cell patterning tech-
nology— photolithographic DNA-programmed assembly of cells
(pDPAC)****—with a microwell organoid culture system. With
pDPAC, we can spatially pattern kidney progenitor cell types in
defined numbers and ratios at the onset of tissue culture. Further-
more, implementing pDPAC in a 3D microwell array allows us to
set the position and physical boundary conditions on developing
organoids. This enables unencumbered expansion of cultures
over time in a format suited to long-term tracking of individual or-
ganoid development. With the precision afforded by our method,
we demonstrate that minor adjustments in initial cell composition
alter organoid outcomes, as they bias between different organoid
morphologies over time. This rectifies a source of variation in pre-
vious organoid protocols that did not precisely control initial cell
composition. In our organoids differentiated from hiPSC-derived
nephron progenitors (NPs), we observed an increase in proximal
tubule and a decrease in distal tubule proportions with increasing
organoid size, as controlled by the initial nhumbers of NPs
patterned using pDPAC. In mosaic organoids, distal tubule pro-
portion and organoid endpoint size increased with increasing
initial NP:UB tip cell ratio, while proximal tubule proportion peaked
ata 1:1 ratio. Our work makes advances that will benefit organoid
models of disease, screens, and next-generation tissue assembly
strategies for producing replacement renal tissues.

RESULTS

To decouple organoid size from boundary constraints, we
adapted a precise and rapid cell patterning technology,

¢? CellPress

pDPAC,**** to a microwell format suited to long-term organoid
culture (Figures 1A and 1B). We targeted three design opportu-
nities: (1) precise hiPSC-derived progenitor cell number and
compositional control, (2) transition of 2D patterns to self-orga-
nized 3D spheroids open to continued differentiation, and (3)
sequestering individual organoids in optically accessible micro-
wells through 15+-day culture periods, enabling imaging and
preventing aggregation (Figures 1A, 1B, and S1). A key advance
was to follow transient 2D cell patterning on the culture substrate
with a transition to 3D culture/differentiation. We achieve 2D
patterning via single-stranded DNA (ssDNA) photolithographi-
cally bound with high spatial precision to a photoactive poly-
acrylamide (PPA) substrate on a glass slide; ssDNA spot diame-
ters in the range of 10-200 um were within 22% + 25% of their
nominal diameters on the corresponding photolithography
mask and within 5% coefficient of variation (CV) for a given diam-
eter (Figure S2). We incorporate complementary lipid-conju-
gated ssDNAs into cell membranes by passive insertion such
that they are transiently displayed on cell membranes.*'*
Base-pairing between cell- and PPA substrate-bound ssDNAs
thereby creates temporary adhesions for cell patterning. Multiple
orthogonal ssDNA sequences can be serially patterned for multi-
plexing cell populations.

In order to sequester 3D cultures long-term, we integrated mi-
crowells with our system. To create microwell walls, sheets of
conical polydimethylsiloxane (PDMS) through-hole arrays were
fabricated by replica micromolding. These were passivated with
a polyacrylamide (PA) brush layer and registered and adhered to
DNA micropatterns to within 15.7 + 10.3 um (mean + SD, n = 16
patterns within microwells) (Figures 1C and S3; Video S1; STAR
Methods). Each array was positioned to be compatible with a
removable 4 x 2 culture chamber overlay, which divided each
slide into 8 independent culture chambers (Figure 1A). During pre-
liminary validation, we found that microwell arrays did not interfere
with Madin-Darby canine kidney (MDCK) cell patterning, retained
low non-specific cell adhesion properties, and minimized subse-
quent spheroid spreading/migration (Figure S4; STAR Methods).
pDPAC increased precision in patterned cell number for a
200 pm spot size from 11% to 4.5% CV relative to that predicted
by Poisson loading (Figure 1D). After patterning, MDCKs formed
3D spheroids spontaneously within ~6 h, with 2% Matrigel
increasing aggregation efficiency. Confocal imaging and growth
curves showed that spheroid size was predicted by ssDNA

Figure 1. Overview of integrated cell patterning and microwell system, with validation of long-term compositional modulation via precise

control over initial cell number and ratio

(A) Schematic of polyacrylamide (PA) gel cell patterning substrate, photopatterned with adhesive ssDNA, and non-adhesive PDMS microwell overlays and their

assembly in standard chamber slide format for 8-plex microwell cultures.

(B) Schematic of assay for example of hiPSC-derived SIX2+ NP lineage patterning and differentiation to nephron organoids.

(C) 3D rendering of example ssDNA feature and associated microwell, with rhodamine-methacrylamide co-monomer incorporated into the non-adhesive PA
coating for visualization.

(D) Left, montage of fluorescence micrographs of representative MDCK cell patterns over a range in ssDNA spot sizes. The montage is a composite with the
bright-field channel processed with “find edges” in FlJI to emphasize cell contours. Right, box and whisker plot of patterned cell numbers by spot diameter (n > 9
spots per condition), along with Poisson distribution expected for passive microwell seeding, modeled using A = mean of experiment distribution and n = 200
random Poisson-distributed numbers.

(E) Montage of representative micrographs of MDCK cell patterning on dual ssDNA patterns and corresponding cell number histogram (mean + SD, n = 10
patterns per area ratio).

(F) Left, sum slices projection micrograph montage of representative condensed 3D mosaic spheroids created from the 2D MDCK cell patterns in (E) after 72 hiin
culture. Right, histogram of sum of histone H2B-fluorescent protein (FP) marker areas in 10 um step confocal planes over the range of ssDNA patterning area
ratios (mean + SD, n > 6 patterns per area ratio).
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pattern diameter 1-3 days after the transition to 3D culture
(Figures S4B and S4C). When orthogonal ssDNA strands were
used to pattern independent MDCK populations, cell number ratio
was modulated in a manner dependent upon pattern area ratio,
and differences in spheroid composition were retained 72 h after
the 3D transition (Figures 1E, 1F, and S5; Video S2). We verified
that using multiple unique ssDNA strands to pattern ratios of the
two MDCK populations in juxtaposition (“multiplexed”) gave an
advantage in precision over patterning of premixed cells at
different ratios using a single ssDNA (“mixed”; Figure S6). We
counted MDCK-VFP and MDCK-iRFP cells prior to mixing them
in a 1:1 ratio and patterning them on 200 x 200 um square pat-
terns of a single ssDNA. Although we achieved comparable me-
dian cell ratios, we found that variance was 8 x higher in the mixed
group and 7x higher in a model of Poisson-distributed loading
relative to the multiplexed group. Together, these data validated
precise 2D cell patterning on ssDNA and a transition into 3D
spheroids of controlled size and composition that persisted after
extended culture.

We next tackled kidney organoid culture, starting first with the
production of nephron organoids from varying initial quantities
of hiPSC-derived NPs. We differentiated SIX2+ NPs'>*°
(Figures 2A and 2B) lacking mature lineage marker expression
prior to patterning (Figure S7). Patterning NPs in microwells us-
ing pDPAC, we triggered a 2D-to-3D transition by cleaving
ssDNA tethers using DNase and then continued differentiation.
Cells successfully condensed into single organoids within ~4 h
(Figure 2B; Video S3) in the presence of 1% Matrigel. 233 of
240 wells (97%) contained single organoids, and only 3 (1.3%)
were empty at the differentiation endpoint. By contrast, after
6 days, cells that had been passively seeded by gravity typically
formed multiple rather than single organoids in a cell-density-
dependent manner (Figure S8). This validates that NPs aggre-
gate with nearby neighbors, which can be decoupled from
persistent geometric constraint and accomplished by achieving
close cell-cell proximity on ssDNA islands.

To determine if the initial cell number could be used to gain con-
trol over organoid size and cell composition, we patterned NPs on
ssDNA features with diameters @ of 200-500 pm. After 15 days of
differentiation, projected organoid area faithfully reflected differ-
ences in initial pattern diameter (Figure 2C). We wondered if the
starting pattern size would also change differentiation outcomes.
Organoids expressed markers for podocytes (NPHS1/nephrin),
proximal tubule (LTL), medial/loop of Henle (SLC12A1), distal tu-
bule (ECAD+ LTL-), and connecting segment (GATA3) nephron
cell types (Figures 2D and 2E) and surrounding stromal-like cells
(MEIS1/2/3, Figure S9) at the endpoint. Our culture system was
compatible with varying protocols, e.g., shortening differentiation
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from 10 to 7 days before pDPAC and applying a CHIR pulse (Fig-
ure 2E), which tends to distalize organoids.'® Additionally, it was
compatible with NPs derived from a different cell line, PENN123i-
SV20 hiPSCs“® (Figure S10). We segmented day 25 immunofluo-
rescence z stacks and quantified cross-sectional areas for podo-
cytes, proximal tubule, and distal tubule (Figures 2F and S11).
The starting pattern size impacted organoid composition. In
particular, the representation of proximal tubule as a % of all
non-stromal structures significantly increased from 40% =+
8.6% to 61% + 7.3% from pattern size o of 200-500 pm
(mean + SD, n = 10 organoids per @). We observed similar trends
in nephron segmentation in a replicate experiment in which we
supplemented medium with 10 ng mL~" recombinant human
laminin-521 instead of 1% Matrigel during the lifting and aggrega-
tion phase of the NPs (Figure S12). Thus, micropatterning control
of the initial NP number offers control over organoid size, which
affects cell differentiation.

Our data thus far suggested that pDPAC was compatible with
2D patterning, 3D aggregation, and differentiation of the NP line-
age toward multiple kidney cell types. We next recognized an
opportunity to leverage the multiplexed patterning capabilities
of pDPAC to produce mosaic organoids by co-patterning both
hiPSC-derived NPs and UB tip cells (Figure 3A), mimicking their
juxtaposition in vivo.”” We focused on these two cell types
because reciprocal regulation of NP and UB cell populations
through non-autonomous cues appears to be crucial to setting
kidney size and nephron endowment during kidney morphogen-
esis.”®®" UB tip cells were trans-differentiated from distal
nephron cells'® (Figure S13A), forming ruffled epithelial organo-
ids with appropriate expression of GATA3, RET (Figure 3B),
and additional markers (ECAD, cytokeratin) consistent with UB
identity'® (Figure S13B). We conducted a viability assay after
patterning UB tip cells on ssDNA spots with diameters o
500 um (Figure S13C). Among patterned cells, 99.2% =+ 0.4%
were viable post pDPAC (mean + SD, n = 5 patterns of UB tip
cells, STAR Methods). We then created mosaic organoids
ranging in initial ssDNA area ratios (1:5, 1:2, 1:1, 2:1, 5:1), direct-
ing independent adhesion of NPs and UB tip cells to a constant
300 pum square pattern (Figure 3C). Patterned cell ratios differed
from nominal ssDNA area ratios by only 11.0% + 5.2% (mean =
SD, n > 4 patterns per ratio) (Figure S14). Mosaic NP/UB tip cell
patterns created with pDPAC successfully condensed into 3D
spheroids within 24-48 h after DNase treatment (Figure 3C).
Next, we scanned culture parameters to find suitable induc-
tion/culture conditions for mosaic NP/UB organoids (STAR
Methods). When NPs were exposed to a 60 min, 7 uM CHIR
pulse prior to pDPAC, NP and UB populations sorted, forming
“core-shell” morphologies mimicking the in vivo interface

Figure 2. Initial NP number biases the emergence of cell types along the early nephron proximal-distal axis

(A) Patterning and differentiation timeline.

(B) Left, immunofluorescence of SIX2E%7P progenitors prior to pDPAC. Middle, montage of bright-field examples after cell patterning for ssDNA feature diameters
o. Images were processed with find edges in FlJI to emphasize cell contours. Right, frames from Video S3 showing 2D to 3D transition.
(C) Left, time points of representative organoids formed from 2D patterns of different @. Middle, representative growth curves (mean + SD, n = 10 organoids per

group). Right, organoid montage at day 23 time point.

(D) Representative confocal immunofluorescence sections of organoids at day 25 endpoint. Organoids were manually segmented and arranged as a montage on

a black background for clarity. Inset, detail of organoid and cell lineages.

(E) Similar organoid from cells differentiated for 7 rather than 10 days in monolayer prior to patterning. LOH, loop of Henle.
(F) Top, segmentation scheme for cell types in day 25 organoids. Bottom, plot of organoid composition (ratio of cell type area to total area of all cell types
measured, mean + SD, 3-7 slices per n = 10 organoids per @, Tukey’s multiple comparisons test, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).

Cell Systems 15, 649-661, July 17, 2024 653




- ¢? CellPress

, A
hiPSCs

Cell Systems

1-hr B
nephron o{p 1% MG, CHIR Fosaic
prog. (NP) @93 DNase,  pulse organoids UB
FGF9 3D
ureteric . . Y L
bud tip | | ‘ |
cells (UB) 10 n" 26 »
= GATA3 —
200 pm RET 100 pm

organoid area (x 10 um?)

400 pm
E cyst fo/rmation fragmentation
1
day
UB-only
NP-only

400 um

150 =

100 =

50 =

early
nephron

10

day 25

400 ym

Figure 3. NP/UB tip cell mosaic organoids model the nephrogenic niche interface and grow in a ratio-dependent manner
(A) Patterning and differentiation timeline.

(B) Confocal micrographs of GATA3+ RET+ UB tip cell organoids.
(C) Montage of representative fluorescently labeled UB tip cell and NP co-patterns and transition to 3D culture + NP CHIR pulse prior to patterning. Right,
schematic of in vivo niche geometry and signaling (UE, ureteric epithelium).
(D) Left, time point images of example mosaic organoids formed from 2D patterns of different NP:UB tip cell ratios. Right, representative growth curves (mean +
SD, n > 6 organoids per group).
(E) Example NP-only and UB tip cell-only organoid controls (left) over time and (right) at culture day 25.
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(Figure 3C) and the self-organization of dissociated mouse em-
bryonic kidney cells.®*>® However, without the CHIR pulse, sort-
ing was inverted, and NPs formed cores (Figure 3C). A shift in NP
cadherin expression via canonical WNT signaling could explain
the change in cell sorting outcome as dictated by differential
adhesion.’*>® Our data demonstrate successful integration of
distinct hiPSC-derived progenitor lineages into mosaic organo-
ids after cell patterning.

We next sought to understand the long-term influence of initial
cell ratio on organoid morphology and composition. We started
by tracking the growth of mosaic organoids, collecting bright-field
images every 2-3 days throughout culture in microwells. Mosaic
organoid growth increased with increasing NP:UB tip cell ratio,
implying higher proliferation of NPs relative to UB (Figure 3D).
NP-only control organoids grew steadily compared with UB-only
controls, which formed cystic structures that inflated, deflated,
and fragmented (Figure 3E). Substrate-adherent, stromal-like cells
were found in mosaic NP/UB tip cell organoids and NP-only con-
trols but not in UB-only controls (Figure 3E). Regardless of starting
ratio, mosaic organoids displayed a phase of reducing area be-
tween days 23 and 25 post cell patterning, likely due to tissue
compaction.®” These data demonstrate the effect of starting kid-
ney progenitor ratio on organoid growth and long-term viability.

To analyze the effects of NP:UB tip cell ratio on endpoint
composition, we performed confocal immunofluorescence anal-
ysis of day 26 mosaic and control organoids (Figure 4). We
used markers of ureteric epithelium (UE)/connecting segment
(GATA3+ ECAD+), calbindin 1+ tissue (CALB1+), distal tubule
(ECAD+ LTL— GATA3-), proximal tubule (LTL+), and podocytes
(NPHS1+). Through manual image segmentation, we found that
only 1 of 10 organoids derived from an initial NP:UB tip cell
patterning ratio of 1:5 produced NP-derived proximal tubule,
distal tubule, or podocytes (Figures 4C and S15). Moving to a
1:2 initial NP:UB tip cell ratio rescued nephron structure formation
in 9 of 10 organoids, suggesting that a minimum number or ratio of
NPs is required for nephrogenesis. The proportion of proximal tu-
bule structures increased and then decreased with increasing
initial NP cell ratio (Figures 4C and S15B), peaking at 1:1. This sug-
gests a “goldilocks” NP:UB tip cell ratio that maximizes proximal
tubule. Since no such peak was found in NP-only organoids, this
indicates an interaction between NP cell-autonomous and non-
autonomous cues from the UB or UB-derived cells in proximal tu-
bule induction.'®*® Distal tubule monotonically increased with
increasing initial NP:UB tip cell ratio, while GATA3+ ECAD+ con-
necting segment/UE structures decreased (Figures 4C and
S15B). Together, these data show that modulating the initial ratio
of NPs:UB tip cells in mosaic organoids shifts the representation
of epithelial tissue types along the proximal-distal axis.

We saw no significant differences in the proportion of CALB1+
structures and only minor differences in representation of podo-
cytes across all starting ratios (Figure S15). Although not specific
to UE invivo, CALB1 is highly upregulated there throughout devel-
opment.'#%%°989 |n developing human embryonic kidneys, spec-
ificity of CALB1 to UE has been shown to extend through gesta-
tional week 28.°%°" Furthermore, in previous hiPSC-derived
mosaic NP/UB organoids, CALB1+ structures were derived
exclusively from UB tip cells and not from SIX2+ NPs.®° Therefore,
it is highly likely that CALB1+ structures in our mosaic organoids
are also UB-derived. In rare instances (3/50 organoids), we
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observed complete in vivo-like connection of CALB1+ structures
with GATA3+ ECAD+ connecting segment/UE, along with proper
distal-to-proximal segmentation. We observed an equivalent
number of CALB1+ structures juxtaposed but not contiguous
with GATA3+ ECAD+ structures (Figure 4D). In controls,
CALB1+ structures were not observed, implying that NP and UB
interaction is required for CALB1 upregulation. Overall, our results
demonstrate emergent inductive phenomena in mosaic NP/UB tip
cell organoids. These include changes in cell state of presumptive
UB-derived tissues and some connectivity/juxtaposition of these
tissues to distal nephron structures.

The interaction of NPs and UB tip cells also altered the organi-
zation and volume of mature epithelialized structures and stro-
mal-like populations. Tight conglomerates of multiple tubules
with proximal or distal identities formed in NP-only organoids.
However, in mosaic organoids, individual tubules were separated
by stromal-like cells and were often spatially aligned, either radi-
ally or laterally (Figure S16A). We quantified the interdigitation of
stromal-like cells between epithelialized structures in mosaic and
NP-only organoids. To size-match the final organoid area for
comparison, we selected NP-only organoids originally patterned
on 500 pm ssDNA spots and mosaic organoids with a nominal 2:1
NP:UB tip cell patterning ratio. We then manually segmented the
epithelialized structures in the approximate midplane of each or-
ganoid. We calculated the organoid solidity, defined as the col-
lective area of the epithelialized structures divided by the area
of their convex hull (Figure S16). We found that NP-only organo-
ids had a solidity of 0.88 + 0.06, whereas mosaic organoid solidity
was lower at 0.62 + 0.07 (mean + SD, n = 10 organoids for each
condition). This result indicates higher separation of individual
epithelial structures by interdigitating stromal-like cells in mosaic
organoids. Moreover, in some ratios of mosaic organoids that
were provided fewer NPs than NP-only organoids, areas of
nephron structures were larger. For example, organoids differen-
tiated from NPs patterned on ssDNA spots with an area of 7.07 x
10* pm? (@ = 300 um) had 6.90 x 10% + 2.36 x 10* pm? (mean =
SD, n =10 organoids) of nephron structures, whereas mosaic or-
ganoids with NP:UB tip cell ratio of 1:1 patterned on a smaller
ssDNA area of 4.50 x 10% um? had higher areas of these nephron
structures, totaling 8.75 x 10* + 2.57 x 10* um? (Figure S17A).
This result implies expansion of the cap mesenchyme population
and/or higher proliferation of committed NP progeny® in mosaic
organoids where UB cells are present. Expansion of the stromal-
like population was even higher in mosaic organoids compared
with NP-only organoids (Figure S17B). The stromal-like popula-
tion comprised 55.6% + 9.2% (mean + SD, n = 40, 10 organoids
per o) of the segmented areas of the NP-only organoids, whereas
it comprised 80.9% + 5.3% (mean + SD, n = 50, 10 organoids per
ratio) in mosaic NP/UB tip cell organoids. In both cases, stroma
increased proportionally with overall organoid size such that
there were no significant differences in stromal proportions
across all NP-only or mosaic organoid conditions, although we
observed a minor decreasing trend in NP-only organoids (Fig-
ure S17C). Our data suggest that inductive cell-cell interactions
in mosaic NP/UB tip cell organoids synergistically increase orga-
noid growth, predominantly in a stromal compartment that inter-
digitates between epithelial structures.

Taken together, these data show that initial NP:UB tip cell ratio
in mosaic kidney organoids modulates compositional outcomes
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Figure 4. NP/UB tip cell mosaic organoids trigger cell ratio-dependent emergent patterning
(A) Representative confocal immunofluorescence sections of organoids at day 26 endpoint. Organoids were manually segmented and arranged as a montage on

a black background for clarity.

(B) Example endpoint UB-only and NP-only controls, immunostained, segmented, and montaged as in (A).

(C) Mosaic organoid composition (ratio of cell type area to total area of all cell types measured) vs. NP:UB tip cell pattern area ratios (mean + SD, 1-8 slices pern =
10 organoids per ratio, Tukey’s multiple comparisons test, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).

(D) Example calbindin+ (CALB1+) structures, with rare connections to (3/50 organoids) or juxtaposition to (3/50 organoids) distal nephron structures. Arrowheads

denote connected (top) and unconnected (bottom) junctions.

through emergent inductive phenomena. Adjusting epithelial
progenitor ratios shifts the representation of total nephron tissue,
cell types along the proximal-distal axis, and epithelial vs. stro-
mal tissues, while enabling some higher-order connectivity be-
tween UB and NP-derived structures.

DISCUSSION

Our modified pDPAC system integrates precision cell patterning
with microwells for long-term 3D culture. We observed various

656 Cell Systems 15, 649-661, July 17, 2024

trends in emergent organoid morphology and composition
based on initial progenitor patterning parameters. In NP-derived
organoids, we first found positive correlations between progen-
itor number, organoid size, and the relative representation of
proximal tubule tissue after differentiation. Meanwhile, in mosaic
NP/UB tip cell organoids, we observed positive correlations be-
tween NP:UB tip cell ratio, final organoid size, and proportion of
distal tubule. We also observed a goldilocks 1:1 NP:UB tip cell
ratio that optimized formation of proximal tubule structures, as
well as a distinctive separation and alignment of individual
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epithelialized structures in mosaic vs. NP-only organoids. These
data may be consistent with a recent study that suggests prox-
imal tubule cell identity is favored in organoids that undergo
extended mesodermal patterning prior to nephrogenesis.'® To
demonstrate this, Vanslambrouck et al. prolonged the culture
of differentiating NPs in monolayer under exposure to exoge-
nous WNT agonist CHIR, NOTCH inhibitor DAPT, and BMP7, ex-
panding the SIX2+ metanephric population. In turn, this NP pop-
ulation more frequently contributed to proximal rather than distal
tubules in nephron organoids. Here in our mosaic organoids,
cues provided to NPs by UB tip cells may have similarly main-
tained and expanded the metanephric population prior to neph-
rogenesis. This resulted in the highest proximal tubule proportion
at the 1:1 NP:UB tip cell ratio, which was countered by an in-
crease in distal tubule proportion with increasing NP:UB tip cell
ratio. However, further investigation is needed to fully under-
stand the underlying mechanism of these results.

In other organoid models, high homogeneity is possible when
starting from controlled aggregates of a single progenitor cell
type, such as in the formation of gut organoids from Lgr5+
stem cells.®® However, formation of the kidney in vivo requires
non-autonomous interactions between several progenitor pop-
ulations (UB tip cells, NPs, and interstitial/stromal progenitors)
with separate developmental origins.?®=° This likely explains
the failure of kidney organoids to recreate all early kidney cell
types in the same protocol.'®?%%* The field has therefore
turned to co-culture models that combine several progeni-
tors,®">17'® which formed our rationale to tightly control pro-
genitor number and composition in our work with mosaic orga-
noids. The balance between proliferation and differentiation
within NPs in the cap mesenchyme is tightly dependent on
reciprocal cues exchanged with nearby UB tips.*®*° For
example, Cebrian et al. genetically ablated a fraction of
GDNF-expressing cap mesenchyme cells in mouse embryonic
kidneys and found a self-correcting mechanism in which the
branching rate of UB epithelium reduced to maintain a constant
proportion of cap mesenchyme cells to UE tips.*® In our in vitro
cultures of mosaic organoids, we did not observe UB branching
or high proliferation of UB tip cells upon co-culture with NPs, in
keeping with previous work.'® Rather, the higher expansion of
nephron structures that occurred in the presence of UB tip cells
indicates that at least part of the self-correction effect in vivo
may operate through a mechanism of NP and/or committed
NP progeny proliferation independent of a feedback through
UB branching rate.

Although we successfully modulated the morphogenetic and
compositional outcomes of the nephrogenic niche, our inability
to do the same for the UB compartment—as well as a lack of effi-
cient presumptive connectivity between these two niches—sug-
gests several areas for future development. Ongoing studies to
pinpoint differences in cell diversity and maturity between orga-
noids and fetal kidneys may outline additional cell intrinsic or
microenvironmental factors that must be added to guided differ-
entiation approaches. Similarly, improved directed differentia-
tion efforts may finally create the full complement of progenitors
needed to reconstitute the kidney, in particular, human kidney
stromal cell lineages.®® Exerting engineering control in the timing
and spatial assembly of different progenitors®® may improve the
potential for kidney organoids to achieve long-range organiza-
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tion beyond that accessible by self-organization. For instance,
in future work, we will leverage the multiplexing capabilities
and custom patterning of pDPAC to assay more complex initial
2D cell geometries that, once transitioned to 3D, adopt more
physiologically inspired tissue shapes and spatial organization.*’
These could include 2D configurations that result in 3D branched
or elongated morphologies, predictably break symmetry, and/or
precisely adjust the quantity and relative positions of different
cell compartments within organoids. Concurrently, new syn-
thetic biology approaches, such as reporter iPSC lines*® and op-
togenetic control of cell biophysical or signaling properties,®”:
may be useful to monitor and drive a higher diversity of collective
cell dynamics that functionally integrate tissue populations.

We have advanced precision cell patterning for 3D
organoid culture to improve throughput, imaging accessibility,
and size homogeneity while offering new capabilities for
control over morphogenetic outcome. Our work expands upon
cell aggregation by centrifugation, agitation, or seeding in
microwells,>*'"%353 which lack precise control over organoid
size and composition, and cell patterning in 2D that lacks a tran-
sition to 3D self-organization.>* We contribute an integrated
ssDNA-based cell patterning and long-term microwell culture
platform that is compatible with hiPSC-derived cell lineages.
Our technology offers opportunities for automation and tracking
that enable studies of growth, cell sorting, segmentation,
and fusion of different structures/cell populations. These ad-
vances enable controlled initial conditions and downstream
screens applicable to diverse organoid and synthetic embryo
systems.
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Triton™ X-100
3-(Trimethoxysilyl)propyl methacrylate

Thermo Fisher Scientific
Corning
Corning
Corning

STEMCELL Technologies
STEMCELL Technologies
Thermo Fisher Scientific

Thermo Fisher Scientific
R&D Systems
STEMCELL Technologies
R&D Systems
Sigma-Aldrich

R&D Systems

Thermo Fisher Scientific
Tocris Bioscience
Tocris Bioscience
Sigma-Aldrich

Thermo Fisher Scientific

Kayaku Advanced Materials Inc.
Kayaku Advanced Materials Inc.

Sigma-Aldrich
Fisher Scientific
Sigma-Aldrich
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Cat#25300056
Cat#35-010-CV
Cat#354277
Cat#354230

Cat#100-0276
Cat#100-0485
Cat#A1110501

Cat#A29249
Cat#4423
Cat#05946
Cat#273-F9-025
Cat#H4784
Cat#233-GMP-01M

Cat#A1285901
Cat#0761

Cat#1254
Cat#SCM133
Cat#10828010
Cat#NC9981681
Cat#NC9901158
Cat#440272
Cat#BP151
Cat#440159-100ML
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Acrylamide/Bis-acrylamide, 30% solution Sigma-Aldrich Cat#A3699

N-[3-[(4-benzoylphenyl) formamido]propyl]
methacrylamide

Sodium dodecyl sulfate (SDS)
Ammonium persulfate (APS)
Tetramethylethylenediamine (TEMED)
DPBS (10X), no calcium, no magnesium
CD-26 developer

Chromium etchant

MICROPOSIT™ Remover 1165

Grey resin

Dow SYLGARD™ 184 Silicone
Benzophenone

Acrylamide

UltraPure™ 0.5M EDTA

TURBO™ DNase (2 U/uL)

Donkey serum

DyLight™ 405 Streptavidin

PharmAgra custom synthesis; Hughes and
Herr®°

Bio-Rad

Sigma-Aldrich

Sigma-Aldrich

Thermo Fisher Scientific

Singh Center for Nanotechnology; Shipley
Sigma-Aldrich

Singh Center for Nanotechnology; Shipley
Formlabs

Ellsworth Adhesives

Sigma-Aldrich

Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Sigma-Aldrich

Jackson ImmunoResearch

CAS:165391-55-9

Cat#161-0301
Cat#A3678
Cat#T9281
Cat#14200075
N/A

Cat#651826

N/A
Cat#RS-F2-GPGR-04
Cat#2065622
Cat#B9300-25G-A
Cat#BP170-500
Cat#15575-038
Cat#AM2238
Cat#D9663
Cat#016-470-084

Critical commercial assays

SYBR™ Gold nucleic acid gel stain
CellTracker™ Red dye

CellTracker™ Deep Red dye
CellTracker™ Green CMFDA dye
LIVE/DEAD® Cell Imaging Kit (488/570)

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat#S11494
Cat#C34552
Cat#C34565
Cat#C7025

Cat#R37601

Experimental models: Cell lines

Canine: MDCK-II cell line
Canine: MDCK-Il H2B-Venus
Canine: MDCK-Il H2B-iRFP670
SIX2ECFP reporter hiPSCs

PENN123i-SV20 hiPSCs

gift from Arjun Raj; MilliporeSigma

Viola et al.*®

Prahl et al.**

Murdoch Children’s Research Institute/
Washington University Kidney Translational
Research Center and Division of
Nephrology (parental line CRL-2429 from
ATCC); Vanslambrouck et al.*®

University of Pennsylvania iPSC Core
Facility; Pashos et al.*®

Cat#00062107-1VL
N/A
N/A
N/A

RRID: CVCL_EL23

Oligonucleotides

Photopatterning oligo: polyT20F:
5-TTTTTTTTTITITTTITTTITITA;
GAAGAAGAACGAAGAAGAA-3

Photopatterning oligo: polyT20G:
S-TTTTTTITTITTITTTTITTITITA;
GCCAGAGAGAGAGAGAGAG-3

Lipid ssDNA: Universal Anchor:
5'-TGGAATTCTCGGGTGCCAA;
GGGTAACGATCCAGCTGTCACT-
lignoceric-amide-3’

Lipid ssDNA: Universal Co-Anchor:
5'-palmitic-amide-AGTGAC;
AGCTGGATCGTTAC-3

IDT; Prahl et al.**

IDT; Prahl et al.**

Oligo Factory custom synthesis; Viola
etal.*®

Oligo Factory custom synthesis; Viola
etal.*®

N/A

N/A

N/A

N/A

(Continued on next page)
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Cell patterning oligo: F' handle:
5'-CCTTGGCACCCGAGAATT;
CCATTTTTTTITITITITITI
TTTTCTTCTTCGTTCTTCTTCT-3

Cell patterning oligo: G’ handle:
5-CCTTGGCACCCGAGAAT;
TCCATTTTTTTTTTTITTTTITITT
CTCTCTCTCTCTCTCTGGCT-3
Fluorescent probe oligo: FAM_F’:
5'-5(6)-carboxyfluorescein-TT;
TCTTCTTCGTTCTTCTTCT-3'
Fluorescent probe oligo: FAM_G’:
5’-5(6)-carboxyfluorescein-CT;
CTCTCTCTCTCTCTGGCT-3
Fluorescent probe oligo: Cy5_F’:
5-Cy5-TTTCTTCTTCGTTCTTCTTCT-3

IDT; Prahl et al.**

IDT; Prahl et al.**

IDT; Prahl et al.**

IDT; Prahl et al.**

IDT; Prahl et al.**

N/A

N/A

N/A

N/A

N/A

Software and algorithms

Fiji/lmageJ

ImagedJ 3D Viewer plugin
LayoutEditor
SOLIDWORKS 3D CAD
BEAMER

Prism 10
Rhino 7
NIS-Elements imaging software

Excel

Schindelin et al.”®

Schmid et al.”
juspertor GmBH
SolidWorks Corporation
GenlSys

GraphPad
Robert McNeel & Associates
Nikon Instruments Incorporated

Microsoft

https://imagej.net/ij/
https://imagej.net/ij/plugins/3d-viewer/
https://layouteditor.com/
https://www.solidworks.com/

https://www.genisys-gmbh.com/
beamer.html

https://www.graphpad.com/
https://www.rhino3d.com/
https://www.microscope.healthcare.nikon.
com/products/software/nis-elements
https://www.microsoft.com/en-us/
microsoft-365/excel

Other

4” mechanical grade silicon wafer

Digital spin coater with vacuum chuck
Fisherbrand™ |sotemp™ Hot Plate Stirrer
Mylar mask

365 nm mounted LED

Aspheric condenser lens

Adjustable lens tube

Ultrasonic cleaning bath

DLW-66+ direct laser writer

5"%x5"x0.90” chrome-on-quartz
photomask, IP3500 photoresist

Portable glovebox
UV crosslinker oven
8-well cell culture slides

Form 3 stereolithography (SLA) resin 3D
printer

Form Wash instrument
Form Cure instrument
500-g stainless steel weight
High frequency generator
Quartz slide

Singh Center for Nanotechnology;
University Wafer, Inc.

INSTRAS Scientific

Fisher Scientific

CAD/Art Services custom order
ThorLabs

ThorLabs

ThorLabs

Thermo Fisher Scientific

Singh Center for Nanotechnology;
Heidelberg Instruments

Singh Center for Nanotechnology

Bel-Art
Spectro-UV
MatTek
Formlabs

Formlabs

Formlabs

Troemner

Electro-Technic Products, Inc.
Thermo Fisher Scientific
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N/A

SCK-300P
Cat#SP88857200
N/A

M365LP1
ACL7560U
SM3V10
Cat#15-337-411
N/A

N/A

H50028-2001
XL-1000
Cat#CCS-8
N/A

N/A

N/A

610558
BD-10A
Cat#BP170-500

(Continued on next page)
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470 nm mounted LED ThorLabs M470L4
Collimation adapter ThorLabs COP1-A
Stainless steel probe Fine Science Tools 10140-04

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Alex J.
Hughes (ajhughes@seas.upenn.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Madin-Darby canine kidney cells (MDCKs, female) expressing H2B-VFP or H2B-iRFP (nuclear green and red fluorescence, respec-
tively) were generated in earlier work by lentiviral transduction and maintained as previously described.*®** Briefly, cells were
passaged using 0.25% trypsin (Thermo Fisher Scientific, 25300056) and cultured at 37°C and 5% CO, in T-175 flasks (Corning) in
minimum essential medium (MEM, with Earle’s Salts and L-glutamine, Corning, 10-010-CM), 1x pen/strep (100 IU mL~" penicillin,
and 100 pg mL~" streptomycin, 100x stock, Invitrogen, 15140122), and 10% fetal bovine serum (Corning, 35-010-CV).

Nephron progenitor (NP) and ureteric bud (UB) tip cells were derived from human hiPSCs similarly to previous reports.
SIX2ESFP reporter hiPSCs*® or PENN123i-SV20 hiPSCs*® were maintained at 37°C and 5% CO, on plates coated with Matrigel
(hESC-qualified, Corning, 354277) in mTeSR Plus (STEMCELL Technologies, 100-0276) with 1x pen/strep and passaged every
3-4 days using Gentle Cell Dissociation Reagent (STEMCELL Technologies, 100-0485) for clump passaging, or Accutase (Thermo
Fisher Scientific, A1110501) for single-cell passaging. Genomic integrity was confirmed by molecular karyotyping through the
Induced Pluripotent Stem Cell Core, Penn Institute for Regenerative Medicine.

PENN123i-SV20 (male) was obtained from the University of Pennsylvania iPSC Core Facility. Distribution of this cell line was sup-
ported by U0O1TR001810 from the NIH. The SIX2ESF” reporter hiPSCs (SIX2-T2A-EGFP, male, parental line CRL-2429 from ATCC)
were obtained from Murdoch Children’s Research Institute/Washington University Kidney Translational Research Center and Divi-
sion of Nephrology.

11,15,64

hiPSC-derived NPs

hiPSCs were lifted and dissociated to single-cell suspension with Accutase at 37°C, counted with a hemocytometer and seeded at
65,000 cells per well in a 6-well culture plate coated with rhLaminin-521 (Thermo Fisher Scientific, A29249). The following day, induc-
tion of intermediate mesoderm began using 7 uM CHIR99021 (R&D Systems, 4423), a WNT agonist, in TeSR-E6 medium (STEMCELL
Technologies, 05946) with 1x pen/strep for 5 days. Media was then swapped to 200 ng mL~" FGF9 (R&D Systems, 273-F9-025) and
1 ng mL~" heparin (Sigma-Aldrich, H4784) in TeSR-E6 with 1x pen/strep for 5 days to induce NPs. On day 10, cells were dissociated
with Accutase at 37°C to single-cell suspension, diluted 5x with TeSR-E6, and pelleted at 200 g for 3 min.

hiPSC-derived UB tip cells

UB tip cells were trans-differentiated from NP cultures derived similarly to the above, except with two adjustments thought to favor
anterior intermediate mesoderm from which the ureteric epithelium derives in vivo and/or more distal nephron cell identity. > Specif-
ically, the CHIR step was reduced to 3 days, and 200 ng mL~"' FGF9 was replaced with 600 ng mL~" FGF2 (R&D Systems, 233-GMP-
01M) for 4 days. Cells were then dissociated with TrypLE (Thermo Fisher Scientific, A1285901) at 37°C to single-cell suspension,
diluted 5x with TeSR-E6 containing 1x pen/strep and pelleted at 300 g for 2.5 min. Media was aspirated and cells resuspended
as a dense slurry in residual media. 2 pL of this slurry were spotted onto 0.4 um polyester Transwell membranes in 6-well plates,
with 4 spots (organoids) per membrane. Organoids received a CHIR pulse by culturing at the air-liquid interface for 1 hr in the pres-
ence of 7 pM CHIR99021 in TeSR-E6 medium with 1x pen/strep in the lower Transwell compartment (1.2 mL well~"). Media was
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swapped to TeSR-E6 supplemented with 1x pen/strep, 600 ng mL~"' FGF2, and 1 ug mL~" heparin for 5 days, and then to TeSR-E6
supplemented with 1x pen/strep and 0.1 uM TTNPB (a retinoic acid analogue, Tocris Bioscience, 0761) for 13 days.

To begin transdifferentiation, day 20-25 organoids were dissociated with 200 pL 1:1 TrypLE:Accutase per organoid, occasionally
agitating by gentle vortexing and trituration. The suspension was then diluted 5x with TeSR-E6 medium, pelleted for 3 min at 300 g,
and resuspended at 6 x 108 cells mL~" in 200 ng mL~" FGF2, 3 M CHIR99021, 0.1 uM TTNPB, 10 uM Y-27632 (Tocris Bioscience,
1254), 100 ng mL~" GDNF, and 1x pen/strep (‘UB medium’). At least 6 x 10° cells (in 100 LI media) were then plated per well of a 6-well
polyester Transwell plate. 1.2 mL of 1:1 Growth Factor Reduced Matrigel (GFR-Matrigel, Corning, 354230):UB medium were added
on top of each Transwell, and 2.3-2.5 mL of UB medium were added to each basolateral compartment. For passaging, Matrigel was
first digested using 3 mL of dispase per well (PluriSTEM Dispase-II, 1 mg mL~", Sigma-Aldrich, SCM133) and incubated for 10 min in
a 15 mL conical tube at 37°C, vortexing gently at 5 min intervals. 9 mL of TeSR-E6 medium with 1x pen/strep was then added and the
mixture was pelleted at 500 g for 5 min. Partially degraded Matrigel was then aspirated off and the pellet subjected to continued
dissociation with 2 mL of 1:1 TrypLE:accutase at 37°C for 15-25 min with periodic gentle vortexing. 10 mL of DPBS with 2% FBS
was added and cells were pelleted at 500 g for 3 min, followed by resuspension as before and Transwell plating. At least one passage
was required to obtain a 99% pure UB population, since UB propagation was favored over off-target cells in UB medium.'® Freezing
medium for cell storage consisted of 10% DMSO, 40% knockout serum replacement (Thermo Fisher Scientific, 10828010) 50%
TesR-E6, and 10 uM Y-27632.

METHOD DETAILS

Gels for single-stranded DNA photopatterning
Photoactivatable polyacrylamide (PPA) gels were fabricated on glass slides as previously described.*® Briefly, according to manufacturer
guidelines, SU-8 2025 photoresist (Kayaku Advanced Materials Inc., NC9981681) was coated at a thickness of 30 um onto mechanical-
grade silicon wafers (University Wafer) using a digital spin coater (INSTRAS Scientific, SCK-300P). The wafer was soft baked on a hotplate
(Fisher Scientific, SP88857200) at 65°C for 1 min and 95°C for 4 min. After cooling, a Mylar mask, printed with a double-rail pattern at
20,000 d.p.i. (CAD/Art Services), was laid onto SU-8-coated wafers and exposed for 30s to 365 nm UV light from a mounted LED
(ThorLabs M365LP1, ACL7560U, SM3V10) at 10 mW/cm?, as measured by a light meter (Thorlabs PM100D, S120VC). The Mylar
mask was designed to pattern photoresist rails that would run the 75 mm edges of standard glass slides, creating a 30 um gap between
the slide and the silicon wafer for molding of a PA gel layer. Wafers were baked at 65°C for 1 min and 95°C for 3 min after exposure, al-
lowed to cool to RT, developed in an SU-8 developer solution (Kayaku Advanced Materials Inc., NC9901158), and washed with isopro-
panol, followed by acetone. 2 mL of hydrophobic dichlorodimethylsilane (DCDMS, Sigma-Aldrich, 440272) were deposited on wafers in
vacuo for 15 min. Silanized wafers were washed thoroughly with deionized (Dl) water and dried under a compressed airstream. Between
PPA gel fabrications, silicon wafers were washed with 0.1% Triton X-100 (Fisher Scientific, BP151) in DI water, followed by DI water.
Plain 75 x 25 mm glass microscope slides (Corning, 2947-75X25) were rinsed in 0.1% Triton in DI water to remove surface grease
and dried under an airstream. Slides were silanized with 3-(Trimethoxysilyl)propyl methacrylate (Sigma-Aldrich, 440159-100ML) to
create a monolayer of methacrylate functional groups according to established protocols.”? Silanized slides were placed, function-
alized-side-down, on patterned silicon wafers and manually aligned with their 75 mm edges against SU-8 rails. PA gel precursor so-
lutions were made out of the following: 7% T (w/v% total acrylamides), made from a 30% T, 2.7% C (w/w% of the cross-linker N,N-
methylenebisacrylamide) stock (Sigma-Aldrich, A3699); 3 mM benzophenone-methacrylamide (N-[3-[(4-benzoylphenyl) formamido]
propyl] methacrylamide, BPMAC, PharmAgra) from a 100 mM stock in DMSO, 0.06% SDS (Bio-Rad, 161-0301), 0.06% Triton, 0.06%
ammonium persulfate (APS, Sigma-Aldrich, A3678), 0.06% tetramethylethylenediamine (TEMED, Sigma-Aldrich, T9281), 1x DPBS
(Ca2*/Mg?*-free, Thermo Fisher Scientific, 14-200-075), and DI water. Partial precursors were made of acrylamides and DPBS
and degassed in vacuo in an ultrasonic bath (Thermo Fisher Scientific, 15-337-411) for 1 min. Detergents SDS and Triton were added,
followed by BPMAC, and finally, APS and TEMED catalysts. Using a standard 200 LI pipette, ~150 puL of precursor solution were then
injected into the gap between the methacrylate-functionalized glass slide and silicon wafer. Precursor spread through the gap for
~30 s, and the slide was slid along the length of the rails to allow any remaining bubbles to escape through its 25 mm ends. Excess
precursor was removed using a Kimwipe, ensuring flush contact of the slide with the SU-8 rails. The slide was then left alone for
25 min to allow for additional PA polymerization. Following polymerization, 2 mL of DPBS were pipetted against one 25 mm slide
edge; at this side, the slide was carefully levered from wafer using a razor blade, with DPBS wicking beneath the gel to aid release.
Fabricated slides were stored in DPBS at 4°C for up to 1 week before single-stranded DNA (ssDNA) was photopatterned.

Photomasks for ssDNA patterning

CAD files for ssDNA spot and square array patterns were designed in LayoutEditor (juspertor GmbH), then finalized and converted to
Heidelberg format files in BEAMER software (GenlISys). Custom 5”x5” photomasks were fabricated in a cleanroom facility: Spot/
square arrays were exposed on blank chrome-on-quartz masks using a DWL 66+ laser lithography system (Heidelberg Instruments)
to direct write on 0.5 pm thick coatings of IP3500 positive photoresist (Shipley). Masks were developed in CD-26 solvent (Shipley),
washed in DI water, and dried under compressed nitrogen gas. Areas of exposed/patterned chromium were removed with chromium
etchant (Sigma). Masks were again washed in DI water and dried under compressed nitrogen gas. Then, remaining resist was strip-
ped by submerging masks in MICROPOSIT Remover 1165 (Shipley) for 3 min at 60°C. Masks were rinsed with acetone and isopro-
panol and air-dried.
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Patterning of ssDNA on PA gels for pDPAC

Oligos (IDT, 5°-To-X20-3’) were patterned on photoactivatable PA gels attached to glass slides. Two oligos were used: “F,” where Xxq
is 5'-AGAAGAAGAACGAAGAAGAA-3’ and “G,” where Xy is 5’-AGCCAGAGAGAGAGAGAGAG-3'. In a glove box (Bel-Art, H50028-
2001) filled with an atmosphere of medical-grade nitrogen, PPA gels were dried under a nitrogen stream. For each slide, a 400 pL so-
lution of 0.25 mM (for MDCK patterning) or 0.375 mM (for hiPSC-derived cells) oligo in 1x DPBS was degassed, moved into the glove
box, and sparged with a nitrogen stream for ~30s. The oligo solution was pipetted onto the patterned chrome side of a photomask, and
the slide was laid — gel-side-down — onto the liquid bead of oligo solution; starting at an ~45-degree angle, the slide was carefully low-
ered from one edge to the other, allowing the oligo solution to wick across the PPA gel without introducing bubbles. After manually
aligning the slide above the mask pattern and letting it rest for ~1 min, excess oligo solution was removed with a Kimwipe, immobilizing
the slide to the mask. The slide-mask sandwich was removed from the glove box, flipped, and exposed to 254 nm light in a UV oven
(Spectrolinker XL-1000 UV Crosslinker, Spectronics Corporation) for 2 min at ~9 mW/cm?. After 254 nm UV light exposure, 2 mL of
0.1% SDS in DI water were pipetted against one 25 mm slide edge, and the slide was carefully levered from the mask using a razor
blade. To remove unadhered oligo, the slide was then soaked for 10 hr in 15 mL of 0.1% SDS in DPBS in a 15-cm petri dish. Fresh
solution was used to rinse once more for 20 min, followed by two 20 min washes in DPBS only to remove SDS. In the case of patterning
a second oligo, UV exposure to pattern the first oligo was reduced to 110 s, and the slide was dried under an airstream following wash
steps. The alignment fiducial marks of the first oligo (G) were stained with a 0.2 uM solution of a custom, fluorescently-tagged com-
plementary oligo (5’-/56-FAM/CTCTCTCTCTCTCTCTGGCT-3’, IDT) in DPBS for 10 min and rinsed in a petri dish of DPBS for 5 min
prior to drying and application of the second oligo (F) in nitrogen. Upon removal of the slide-mask sandwich from the glove box, the
slide was manually aligned on the second mask pattern to the stained oligo G fiducial marks under a 470 nm blue light using an inverted
microscope (Eclipse Ts2-FL, Nikon) (Figure S5B). Following 2 min UV light exposure to pattern F oligo, the slide was again carefully
levered from the mask and free F oligo was removed through the previously described washing steps. The slide was stored in fresh
DPBS at 4°C and dried under an airstream prior to the attachment of polydimethylsiloxane (PDMS) microwells.

PDMS microwell fabrication

PDMS sheets patterned with through-holes were molded using 3D-printed pillar arrays. Conical frustum pillar arrays were designed in
SOLIDWORKS 3D CAD software such that their positions coincided with the layout of the 8 chambers of cell culture slides (MatTek,
CCS-8) as well as ssDNA patterns. The arrays were then printed in grey resin (Formlabs, RS-F2-GPGR-04) by a 3D printer (Formlabs
Form 3), at a printing resolution of 25 um. Pillar arrays were post-processed by rinsing in 100% isopropanol (Form Wash instrument,
Formlabs), removing from supports, and drying for at least 1 hr. To reduce bowing of the mold, curing processes of UV exposure and
baking were done separately. The mold was exposed to UV in a Form Cure instrument (Formlabs) without heat. It was then placed
under a glass slide and 500-g weight (Troemner, 61055S) and baked for 24 hr at 60°C. To remove any residual uncured resin in the
mold, which could inhibit PDMS curing, it was soaked in isopropanol for 15+ hr and dried.

PDMS sheets were then molded against 3D printed pillar arrays. A 10:1 base to catalyst solution of PDMS silicone rubber (Sylgard
184, Ellsworth Adhesives, 2065622) prepolymer was thoroughly mixed and degassed in a vacuum chamber. Approximately 3 mL of
PDMS prepolymer were poured onto the pillar array. A metal spatula was used to spread and level the prepolymer. The tops of the
pillars were blown with a gentle airstream.”® PDMS was baked at 40°C (Heratherm IMH100 Advanced Microbiological Incubator,
Thermo Fisher Scientific, 51028067) for 48 hr. Following curing, the tops of pillar arrays were firmly rubbed to remove any residual
PDMS; a microporous cosmetic sponge was soaked in isopropanol and wrung out, then used to wipe the tops of the pillars.
PDMS sheets were then demolded and washed in 100% isopropanol for 24 hr and air-dried. Before reuse, pillar arrays were rinsed
with 100% isopropanol.

PDMS microwell passivation

Similar to published methods,”*"”” PA was grafted onto PDMS through-hole sheets to passivate against nonspecific cell and protein
adhesion during culture. Dry PDMS sheets were placed on a glass microscope slide. Each sheet was then plasma-treated with a
hand-held high frequency generator (Electro-Technic Products, Inc., Model BD 10A) in a raster motion for 30 seconds on each
side and submerged for 15 min in a 10% v/v solution of 3-(Trimethoxysilyl)propyl methacrylate in acetone. Sheets were then soaked
in a 5% w/v solution of benzophenone (Sigma-Aldrich, B9300-25G-A) in acetone for 15 min. In a nitrogen atmosphere, PDMS sheets
were flipped on glass slides to remove excess solution and thoroughly dried under nitrogen. They were placed on a slide, top-side
(larger through-hole diameter) up. Approximately 1.5 mL of a degassed and nitrogen-sparged solution of 15% w/v acrylamide mono-
mer (Fisher Scientific, BP170-500) in DI water was pipetted onto PDMS sheets. A quartz slide (Thermo Fisher Scientific, AA42297KG)
was laid on the PDMS sheets. The quartz-PDMS-glass sandwich was exposed to 254 nm light in a UV oven for 10 min. PDMS sheets
were then washed alternately in 70% ethanol, DI water, and 70% ethanol again for 30 min each, and air-dried.

PDMS microwell adhesion to PA gels
The DNA-patterned PA gel was dried under an airstream. The four corners and center of each chamber pattern were stained with a
solution of 20x SYBR Gold (Invitrogen, S11494) in DI water for 10 min. To remove non-adhered SYBR, the slide was soaked in a petri
dish of DPBS for 10 min and air-dried.

For alignment and attachment of PDMS sheets to the PA base gel, the side of each PDMS sheet, which was not cast directly
against the 3D-printed mold (i.e., smaller through-hole diameter side), was plasma-treated for 1.5 min in a raster pattern with a
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hand-held high frequency generator. The PDMS sheet was immediately submerged in DI water. The PDMS sheet was transferred,
plasma-treated side down, onto the PA gel in the approximate region of a chamber’s array of ssDNA patterns. SYBR-stained DNA
patterns were illuminated using collimated, 470 nm blue LED light (Thorlabs, COP1-A and M470L4) mounted on a ring stand and visu-
alized through a stereo microscope (Nikon, SMZ800N). Before the water dried, a stainless steel probe (Fine Science Tools, 10140-04)
was used to manually align each PDMS through-hole sheet, so that DNA patterns were centered in each microwell. The PDMS sheets
immobilized upon complete evaporation of DI water. Once each PDMS sheet had been aligned and adhered, a small piece of
aluminum foil was laid on the PPA/PDMS microwell slide, followed by a large glass slide (Corning, 2947-75X50) and a 500-g stainless
steel weight. The slide was then baked at 70°C for 16-18 hr to anneal the PDMS to the PA gel.

Cell patterning in microwells

MDCKs and hiPSC-derived NPs and UB tip cells were patterned on ssDNA features within fabricated PDMS/PPA composite micro-
wells. Prior to cell seeding, each microwell slide was soaked in 3% bovine serum albumin in DPBS for 1 hr, rinsed with two changes of
DPBS in a petri dish, and stored in fresh DPBS at 4°C until it was needed for cell seeding. Directly prior to seeding, the gel was soaked
in 70% ethanol for 30 min and rinsed with two changes of sterile DPBS.

In some experiments, cells were labeled with CellTracker dyes prior to lifting for cell patterning. Lyophilized CellTracker Red
(Thermo Fisher Scientific, C34552), Deep Red (Thermo Fisher Scientific, C34565), and Green CMFDA (Thermo Fisher Scientific,
C7025), were each resuspended in DMSO to the manufacturer’s recommended concentrations. Each was then diluted to 1 uM in
serum-free MEM. Adherent cells were incubated in CellTracker medium for 30 min at 37°C. CellTracker medium was then removed
and the cells were washed with DPBS.

For MDCK patterning, cells grown to ~80% confluency in T-175 polystyrene culture flasks were washed with DPBS and incu-
bated at 37°C in 0.25% Trypsin-EDTA for ~10 min to lift them. MDCKs were resuspended in culture media and centrifuged at
200 g for 3 min at 4°C. They were then washed twice by resuspending in 10 mL of DPBS and re-pelleted by centrifugation.
MDCKs were resuspended in 100 uL of DPBS in 1.5 mL Eppendorf tubes (1 tube per T-175) with 1 mM EDTA (Thermo Fisher
Scientific, 15575-038) and labeled with lipid-DNAs (custom syntheses, OligoFactory, Holliston, MA): “universal anchor”
(5’-TGGAATTCTCGGGTGCCAAGGGTAACGATCCAGCTGTCACT-C24 lignoceric acid-3’), a lipid-conjugated ssDNA, was added
to each Eppendorf tube from a 100 pM stock in DI water to a final concentration of 2.5 uM. Then, lipid-conjugated ssDNA “uni-
versal co-anchor” (5’-C16 Palmitic acid-AGTGACAGCTGGATCGTTAC-3’) was added to a final concentration of 2.5 uM, followed
by 2.5 uM final concentration of “adhesion strand” DNA (5’-CCTTGGCACCCGAGAATTCCA-T19-Y20-3’, where Y20 is the reverse
complement of the X20 sequence patterned on the pDPAC slide).****78 Each oligo was added in succession to the 100 pL re-
action; an 8 min incubation step under gentle agitation on a vortex set at very low speed (~5 Hz) followed each addition. After
adding the series of 3 oligos, cells were washed 3 times in 1 mL of DPBS with 1 mM EDTA by pelleting through centrifugation
and aspirating off DPBS. At the end of labeling and washing, 600 pL of DPBS with 1 mM EDTA were added to each Eppendorf
tube, and cells labeled with the same ssDNAs were combined and placed on ice. Excess DPBS was poured off each ssDNA-
patterned slide. Using a 200 plL pipette, cell suspension was added dropwise over the microwells, such that it fully covered all
DNA patterns. Slides rested in a petri dish on ice for 5 min as cells settled in microwells. Then, each slide was dipped repeatedly
into a cold bath of DPBS with 1 mM EDTA to remove unpatterned cells. Cell patterns were intermittently checked on an inverted
microscope between washes until unpatterned cells had been fully removed from the microwells. For dual MDCK patterns, the
second oligo-labeled cells were then added dropwise to the slide and settled for 5 min, and the wash steps to remove nonspecific
cells were repeated.

For hiPSC cell-derived pDPAC, some changes were made to the patterning protocol. First, cells were maintained at RT in TeSR E6
medium with 100 uM Y-27632 throughout the oligo functionalization steps. 2.5 x 10” NPs were functionalized with 5 uM each of uni-
versal anchor, co-anchor, and adhesion strand F’. Due to the larger surface area of each UB tip cell, 2 x 107 UB tip cells were func-
tionalized with 6 uM each of universal anchor, co-anchor, and adhesion strand G’. Following, the 3 cell pellet washes to remove
excess oligo as well as cell patterning and post patterning microwell washes were carried out in RT DPBS without EDTA. Each oligo
reaction of cells was resuspended in 500 ul of DPBS before patterning. For dual NP/UB pDPAC, UB tip cells remained in the last oligo
addition and were only washed 3 times and resuspended once NPs had been patterned and the microwells thoroughly washed of
unhybridized cells. UB tip cells were then patterned second, followed by microwell washing.

For sufficient cell patterning, approximately 1.25 x 107 cells are needed to create a confluent lawn of cells over the ssDNA
patterning interface of our culture device. Although >95% of cells were washed from the slide in the assay designs in this
work, these unpatterned cells can be recovered and used for parallel experiments or expanded/cryopreserved, depending on
the cell type.

Cell viability assay

In a validation step, UB tip cells patterned alone on G ssDNA spots with diameters o of 500 um underwent a viability assay using a
LIVE/DEAD® Cell Imaging Kit (488/570) (Thermo Fisher Scientific, R37601). Because the dead cell indicator BOBO-3 lodide stains
exposed DNA, we interpreted fully red cells as dead and spotty extracellular red fluorescence as staining of the ssDNA sequences
used for pDPAC.
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Device assembly and culture

After pDPAC, slides were loaded into bases of 8-well cell culture chamber slides (MatTek, CCS-8). Gaskets were removed from the
manufacturer’s provided glass slides and inserted into the grooves of the polystyrene chambers. The chambers were then aligned
over the microwell slides and the chamber bases were clamped in place.

For NP-only organoids, patterned cultures were incubated in a pulse of TeSR-E6 with 1x pen/strep, 7 uM CHIR99021, and 10 uM
Y-27632 for 1 hr and exchanged to TeSR-E6 with 1x pen/strep, 10 uM Y-27632, 1% GFR-Matrigel, 200 ngmL~' FGF9, and 1 pgmL~"
heparin for ~ 3 hr until cells spread on ssDNA patterns and formed visible cell contacts. 15 uL of TURBO DNase (Thermo Fisher Sci-
entific, AM2238) were added to each chamber to cleave ssDNA and initiate aggregate formation. The following day, medium was
swapped to TeSR-E6 with 1x pen/strep, 200 ng mL~' FGF9, and 1 ug mL~" heparin. Chamber slides were placed on an orbital shaker
at 60 rpm for the rest of the culture period (14 days). Two days after pPDPAC, medium was swapped to TeSR-E6 with 1x pen/strep and
exchanged every 2 days for 13 days.

For NP/UB tip cell mosaic organoids, patterned cells were incubated in TeSR-E6 with 1x pen/strep, 10 uM Y-27632, 1% GFR-
Matrigel, 100 ng mL~" FGF9, 0.5 ung mL~" heparin, and 2% FBS. After ~ 3 hr, cells had formed visible cell junctions, at which
time 15 pL of TURBO DNase were added to each chamber to initiate transition to 3D culture. 24 hr later, cultures received a pulse
of TeSR-E6 with 1x pen/strep, 7 pM CHIR99021, and 10 uM Y-27632 for 1 hr at 37°C. Medium was then swapped to TeSR-E6 with 1x
pen/strep, 100 ngmL~" FGF9, and 0.5 ng mL~" heparin for 24 hr. Organoids were then maintained in plain TeSR-E6 with 1x pen/strep
on an orbital shaker at 60 rpm for the rest of culture, with medium exchanged every 2 days for 13 days.

Immunofluorescence

Immunofluorescence staining and imaging was performed as previously described,”® using protocols adapted from Combes et al.
and O’Brien et al.?>®" Briefly, 15 or 16 days post pDPAC, organoids were fixed in 4% paraformaldehyde in DPBS for 45 min, washed
three times for 5 min per wash in DPBS, and blocked for 2 hr at room temperature in PBSTX (DPBS + 0.1% Triton X- 100) containing
5% donkey serum (Sigma-Aldrich, D9663). Following, fixed and blocked organoids were incubated in primary and then secondary
antibodies in blocking buffer for at least 24 hr each at 4°C, alternating with 3 washes in PBSTX, with a 30 min wait after the first two
PBSTX additions, and a 12 to 24 hr wait after the last PBSTX wash.

Primary antibodies and dilutions included biotinylated LTL (1:300, Vector Laboratories, B-1325, RRID:AB_2336558), goat anti-hu-
man GATA3 (1:20, R&D Systems, AF2605, RRID:AB_2108571), mouse anti-human E-cadherin (1:300, Biosciences, 610181, RRI-
D:AB_397580), rabbit anti-human E-cadherin (1:300, Cell Signaling Technology, 3195, RRID:AB_2291471), rabbit anti-human
SLC12A1 (1:300, Abcam, ab171747, RRID:AB_2802126), sheep anti-human Nephrin (1:40, R&D Systems, AF4269-SP, RRI-
D:AB_2154851), rabbit anti-human RET (1:200, Cell Signaling Technology, 3223, RRID:AB_2238465), mouse anti-calbindin D-28K
(1:500, clone CB-955, Sigma-Aldrich, C9849, RRID: AB_476894), mouse anti-pan-cytokeratin (1:200, clone 11, Sigma-Aldrich,
C2931, RRID:AB_258824), and mouse anti-MEIS1/2/3 antibody (1:200, clone 9.2.7, Active Motif, 39796, RRID:AB_2750570). Sec-
ondary antibodies (raised in donkey) were used at 1:200 dilution and included anti-rabbit AlexaFluor 488 (Thermo Fisher Scientific,
A21206, RRID: AB_2535792), anti-mouse AlexaFluor 555 (Thermo Fisher Scientific, A31570, RRID: AB_2536180), anti-rat AlexaFluor
Plus 555 (Thermo Fisher, A48270, RRID: AB_2896336), anti-goat AlexaFluor Plus 647 (Thermo Fisher Scientific, A32849, RRID:
AB_2762840), and anti-sheep AlexaFluor 647 (Thermo Fisher Scientific, A-21448, RRID: AB_2535865). Finally, DyLight
405-Streptavidin (Jackson ImmunoResearch, 016-470-084) was used to stain biotinylated LTL.

Imaging

Imaging was performed using a Nikon Ti2-E microscope equipped with a CSU-W1 spinning disk (Yokogawa), a white light LED, laser
illumination (100 mW 405, 488, and 561 nm lasers and a 75 mW 640 nm laser), a Prime 95B back-illuminated sCMOS camera (Pho-
tometrics), motorized stage, 4x/0.2 NA, 10x/0.25 NA and 20x/0.5 NA lenses (Nikon), and a stagetop environmental enclosure
(OkoLabs).

Image analysis
For longitudinal analyses, we selected organoids derived from progenitor patterns that displayed high initial ssDNA patterning fidelity
and coverage and low nonspecific background cell adhesion. Immunofluorescence marker quantification was performed from 3-7
z-slices per NP-only organoid and 1-8 z-slices per mosaic NP/UB tip cell organoid recovered from confocal fluorescence micrograph
stacks, consisting of the approximate mid-plane, and respective planes at -25 and +25 um in z, with additional 25 pm increments in z
to span the organoid volume. For each slice, regions attributed to each marker category—podocytes (NPHS1, in NP-only organoids),
proximal tubule (LTL), and distal tubule (ECAD+ LTL- GATA3-)-were manually segmented in Fiji. In mosaic NP/UB tip cell organoids,
UE/connecting segment (ECAD+ GATA3+), Calbindin1+ (CALB1+) structures, and podocytes made up a small overall proportion of
the organoid compared to the distal and proximal tubule and tended to form more spherical compartments that spanned fewer slices
in z. Thus, for these tissues, the projected area of each discrete compartment was segmented and measured. We defined the remain-
ing area of the organoid as a stromal-like population, which was supported by positive MEIS1/2/3 immunostaining. We then calcu-
lated the area fraction of each tissue as the total area of each tissue divided by the total area of all measured, non-stromal-like tissues.
In the case of spheroids made from H2B-VFP and H2B-iRFP MDCKs, cultures were segmented on day 3 post cell patterning.
Micrograph stacks spanning the full MDCK spheroid volumes and taken in 10 um step increments in z were montaged in Fiji. The
fluorescent channels were then separately thresholded and the total areas of the two MDCK populations were calculated.
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Organoid growth was tracked using brightfield confocal images taken at 2-3-day intervals throughout organoid culture in micro-
wells. All organoids selected for growth analysis had lifted from PA substrates and rounded by their culture endpoints. At each
analyzed time point, the maximum projected area of each organoid was manually segmented and measured. In cases of fragmented
organoids or organoids that failed to condense to a single organoid per microwell, the projected areas of the total tissue per microwell
were summed. For substrate-adhered organoids, areas of apparent epithelialized structures that stood out from surrounding flat-
tened cells were manually segmented and measured.

3D renderings of CellTracker-stained mosaic organoids were generated by manual segmentation of z slices from confocal fluores-
cence stacks to create binary stacks, exporting as.stl surface objects from Fiji using the 3D Viewer plugin,”" followed by importing
and rendering in Rhino 7 3D modeling software (Robert McNeel & Associates).

S| movies were created from timelapse and z-stack confocal micrographs using NIS-Elements imaging software (Nikon instru-
ments Inc.) and edited/annotated in Fiji.

Adhesion and alignment of PDMS through-hole overlays on PA base gels patterned with ssDNA

When binding PDMS to a substrate, both the PDMS and substrate are typically oxygen plasma-treated, creating reactive groups on
both surfaces that create covalent bonds,”® which may disrupt ssDNA integrity, necessitating an alternative method. Instead, we
plasma treated only the polyacrylamide brush layer grafted on the PDMS surface before adhering it to the ssDNA-patterned PA sub-
strate. Plasma treatment creates reactive amide groups on the brush layer that hydrogen bond with the PA substrate.®? For align-
ment, we used DI water for two reasons: 1) it allowed us to float through-hole sheets above the ssDNA patterns (visualized using
SYBR Gold staining) and manually align their positions before pressing them into tight contact with the substrate, and 2) we hypoth-
esize that the swelling of the polyacrylamide substrate and brush layer increased interfacial entanglement of the polymer chains,
improving adhesion.®® Once the water had evaporated, the through-hole sheets were immobilized on the polyacrylamide substrate.
We then used a thermal bonding process at 70°C to further improve adhesion of the PDMS overlay to the ssDNA-patterned sub-
strate.”® Thermal annealing did not damage ssDNA patterns, as dry DNA remains stable at temperatures below 130°C (ref. ).

Reducing nonspecific cell adhesion in microwells

One design challenge was to ensure efficient cell capture on ssDNA within microwells, while discouraging non-specific capture of
cells. We found advantages here by using a conical rather than a cylindrical well profile, aiding in wash-out of unpatterned cells. Sec-
ondly, we required extremely low cell attachment to the microwell walls in order to prevent initial nonspecific cell adhesion as well as
organoid spreading and migration out of microwells over relatively long differentiation times. Despite its biofouling property, PDMS
was an attractive material for microwell wall fabrication because it is chemically inert, mechanically stable, biocompatible, inexpen-
sive, and easily moldable.?® We found that among other passive blocking schemes, grafting a non-adhesive linear polyacrylamide
brush layer onto the PDMS surface gave the most favorable nonadhesive properties”*~"" (Figure S4A).

Exogenous canonical WNT activation in mosaic NP/UB tip cell organoids and conditions that improve cell viability
We found that applying a 7 uM CHIR99021 pulse to NPs prior to lifting cells for pDPAC had detrimental effects on NP patterning ef-
ficiency within microwells, as it promoted aggregation of cells in suspension and nonspecific cell adhesion to microwell walls. Sup-
plying the CHIR pulse immediately after pDPAC greatly reduced cell viability, particularly for the fully epithelialized UB tip cells, as
CHIR is known to be cytotoxic.86 We therefore patterned both NPs and UB tip cells and supplied the 1 hr CHIR pulse 24 hr later
on a background of FGF9 treatment, during which time the mosaic organoids were condensing. We found that this CHIR pulse
was necessary for NP-derived nephron structures to form by day 26. This contrasts with recent results by Howden et al.,’® where
the presence of UB tip cells alone was sufficient to induce nephrogenesis from NPs in a bulk co-culture setting without the addition
of small molecules or growth factors. This may have resulted from a smaller ‘community effect’ due to the significantly lower cell mass
in our mosaic micro-organoids compared to bulk co-cultures.

Because epithelialized cells are dependent on cell-cell adhesion and cell-substrate adhesion for survival/prevention of death by
anoikis,®” we found that inclusion of 1% Matrigel after pPDPAC and selective Rho-kinase inhibitor Y-27632, both during cell patterning
and post pDPAC, was critically important to kidney progenitor viability. Similar to previous reports, Y-27632 reduced apoptosis, likely
by abrogating membrane blebbing.®%-%°

QUANTIFICATION AND STATISTICAL ANALYSIS

Unpaired t-tests and one-way analysis of variance (ANOVA) with correction for multiple comparisons using Tukey’s honestly signif-
icant difference test were performed in Prism 10 software (GraphPad). Trend analyses were conducted through curve fitting using
linear and nonlinear least squares regression methods, also performed in Prism 10 software; statistical significance (p values)
from the null hypothesis of a line with zero slope were calculated from F tests. Statistical details for each experiment, e.g., the value
of n, what n represents, and precision measures, can be found in the results section and/or figure legends. We denote statistical sig-
nificance with *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

The Poisson distribution was modeled in Microsoft Excel using the Random Number Generation Analysis Tool, where Poisson
mean A = mean of the experiment distribution.
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Supplemental figures

Long-term culture without microwells
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Fig. S1: Microwells prevent organoid fusion upon extended culture. Example brightfield micrographs over a
differentiation time-course for NP organoids patterned in arrays without microwell walls. Organoids appear to
interact with extracellular matrix fibers, drawing neighboring organoids together into large masses over time.
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Fig. S2: ssDNA photopatterning is spatially accurate and precise. (A) Schematic of pPDPAC: a solution of
ssDNA is introduced to a photoactive PA (PPA) gel and patterned using UV light, which passes through a chrome
on quartz photomask. Excess ssDNA is washed from the gel. Cells are separately labeled with lipid-conjugated
complementary ssDNAs and adhere to the PPA substrate-bound ssDNA pattern. (B) Plot of measured SYBR
Gold-labeled ‘F’ ssDNA spot diameters patterned on PPA substrates vs nominal diameter of corresponding
photomask circular spot features (mean + S.D., n = 9 spot patterns per nominal g).
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Fig. S3: Addition of microwell walls and culture chambers for long-term organoid culture. (A) Fabrication of
PDMS through-hole sheets by replica micromolding. Resin pillar arrays were 3D-printed using low force
stereolithography and then used as a replica mold for PDMS silicone casting. PDMS pre-polymer is poured on a
pillar array and leveled with a flat-edged spatula. A stream of compressed air breaks the connection between the
pre-polymer on top of the pillars and that which is drawn up the sides of the pillars by capillary action. The PDMS
is then cured, discs of silicone are abraded off the tops of pillars, and the molded through-hole sheet is removed
from the resin substrate. (B) Left, confocal fluorescence micrograph montage of ssDNA patterns labeled with
SYBR Gold. Height of the PDMS microwell array overlay is encoded by color based on confocal imaging of a
rhodamine-methacrylamide co-monomer incorporated into the non-adhesive PA coating. Middle, 3D rendering of
example ssDNA feature and associated microwell (as in Fig. 1C), with, Right, corresponding fluorescence profiles
of ssDNA and PDMS microwell array coating.
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Fig. S4: Microwell engineering enables long-term 3D culture after precise cell patterning with low non-
specific background and adhesion properties. (A) Left, conical microwell design reduces non-specific cell
patterning. Confocal fluorescence micrographs of typical patterning substrate appearance after performing
pDPAC in microwells with PDMS walls having cylindrical or conical profiles. Incomplete and variable washout of
non-specifically adhered cells is typically observed for cylindrical wells. Right, polyacrylamide brush derivatization
of PDMS microwell walls enables robust and long-term blocking of cell adhesion. Confocal fluorescence
micrographs of microwells blocked with bovine serum albumin (BSA), Pluronic F-127, or linear polyacrylamide
(PA brush), passively seeded with MDCK H2B-VFP cells, and cultured for 3 days. (B) Left, micrograph montage
of MDCK spheroids at 72 hr after patterning in 2D. The montage is a composite with the brightfield channel
processed with ‘find edges’ in FIJI to emphasize spheroid contours. Right, micrographs of an example spheroid
from a 200 um ssDNA pattern over the course of three days in culture. (C) Growth curves for representative
spheroids in each @ group (n = 10 spheroids per g).
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Fig. S5: Patterns of multiple orthogonal ssDNA sequences enable multiplexing of cell populations,
precise ratio control, and 2D-to-3D transition. (A) Left, confocal fluorescence micrograph montage of example
ssDNA patterns over a range of nominal G and F ssDNA surface area ratios, concatenated from 42 microwells.
Right, histogram of measured pattern areas (mean = S.D., n = 6 patterns per area ratio) against nominal area
ratios (measured from the photomask). (B) Confocal fluorescence micrograph of successive ssDNA fiducial
patterns on a pDPAC substrate. G ssDNA is patterned first and stained with a G’-FAM probe, creating a crosshair
that is positionally aligned with the next photomask for F ssDNA patterning. Simultaneous alignment of similar
marks positioned elsewhere on the mask enables rotational alignment. Here, F ssDNA is stained with a F’-CY5
probe. (C) Confocal fluorescence micrograph frames taken from Movie S2 showing a time-lapse of mosaic
spheroid condensation following transient patterning on ssDNA.
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Fig. S6: Patterning premixed cell populations on a single ssDNA sequence increases variance in resulting
cell type ratios. (A) Confocal fluorescence micrograph of mixed MDCK-VFP and MDCK-iRFP cells before
pDPAC, with a targeted ratio of 1:1 based on cell counts performed prior to mixing. Fluorescence was enhanced
using CellTracker dyes, and cells were manually counted/annotated in Fiji. (B) Montage of example fluorescence
micrographs of mixed MDCKs in (A) patterned on 200 um x 200 um F ssDNA squares, with manual cell counts
below each. Cells not adhered to patterns were excluded from cell counts. (C) Violin plots of cell ratios resulting
from 1) two modeled Poisson distributions, where the average cell counts match those in the mixed group
(‘Poisson’, n = 500), 2) ratios of premixed MDCK populations patterned on F ssDNA squares (‘mixed’, n = 43) as
in (B), and 3) ratios of unmixed MDCK populations, patterned sequentially on dual F/G ssDNA squares with a
nominal surface area ratio of 1:1 (‘multiplexed’, n = 10). Within each experimental group, the designated
denominators for cell ratio calculations were the cell counts of the MDCK population that had the higher capture

efficiency on average.
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Fig. S7: Patterned nephron progenitors do not yet express markers of early nephron cell lineages.
Immunofluorescence micrographs of day 10 iPSC-derived nephron progenitors assayed for expression of the
indicated early nephron markers for podocyte, proximal, distal, and connecting segment lineages. All fluorescence
profiles are consistent with negative staining.
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Fig. S8: Passive nephron progenitor seeding rather than cell patterning leads to unpredictable organoid
number and size. Brightfield confocal micrographs of microwells lacking ssDNA patterns seeded with nephron
progenitors over a range of cell densities (0.5, 1, or 2x10° cells per chamber of an 8-chambered slide) and imaged
2 hours after seeding and 6 days later.
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Fig. S9: Stromal-like cells surround epithelial structures in organoids. Left, confocal micrographs of nephron
organoids, stained for markers of proximal tubule (LTL), distal tubule (ECAD+ LTL-), and stroma (MEIS1/2/3).
Right, corresponding brightfield confocal micrographs.
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Fig. S10: pDPAC and nephron organoid differentiation using PENN123i-SV20 hiPSC-derived NPs. (A)
Brightfield confocal micrographs during the development of PENN123i-SV20 (ref. ')-derived NP organoids,
including patterning on circular ssDNA patterns with the indicated diameter @ on day 10 of differentiation, through
to the differentiation endpoint on day 25. (B) Micrograph montage of day 25 endpoint nephron organoids, fixed
and immunostained for markers of nephron distal tubule (ECAD), proximal tubule (LTL), and podocytes (NPHS1),
with 3 examples for each ssDNA spot diameter @.
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Fig. S11: With increasing initial numbers of NPs, proximal tubule proportions increase and distal tubule
proportions decrease in organoids. Results of curve fitting using least squares linear and nonlinear regression
methods for proximal tubule, distal tubule, and podocyte tissue proportions in organoids at 15 days post cell
patterning. Both proximal and distal tubule tissue segmentation data have sloped lines of best fit with statistical
significance from zero (F test, proximal p < 0.0001, distal p = 0.019), whereas podocyte data fits better to a
horizontal line (n = 10 organoids per DNA spot size).
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Fig. S12: Similar aggregation and size- and composition-controlled organoid formation for recombinant
human laminin culture conditions. (A) Representative brightfield and immunofluorescence confocal
micrographs during differentiation of nephron progenitor organoids in 10 ng/ml rhLaminin-521 media after
patterning on circular ssDNA patterns with the indicated diameter @. Dotted lines emphasize the extent of 2D cell
patterns prior to transition to 3D culture. (B) Plot of organoid composition (ratio of cell type area to total area of all
cell types measured, mean = S.D., 3 slices per n = 10 organoids per @, Tukey’s multiple comparisons test, *p <
0.05, **p = 0.01, ***p = 0.001). (C) Trend analysis results of curve fitting using least squares linear and nonlinear
regression methods for proximal tubule, distal tubule, and podocyte tissue proportions in day 25 endpoint
organoids. Segmentation data for all immunostained tissue types have sloped lines of best fit with statistical
significance from zero (F test, podocytes p = 0.0022, proximal p < 0.0001, distal p = 0.0128).
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Fig. S13: hiPSC-derived UB tip cells have appropriate identity markers, pDPAC patterning, and viability

after patterning. (A) Schematic of hiPSC differentiation to intermediate mesoderm (IM), followed by
differentiation to distal nephron epithelium and transdifferentiation to UB tip-like cells.? (B) Brightfield and

immunofluorescence confocal micrograph of UB tip organoids, stained for markers consistent with UB identity,

including GATAS3 (green), ECAD (bright pink), and cytokeratin (cyan). (C) Montage of example confocal

fluorescence micrographs of UB tip cells assayed for viability post pPDPAC on G ssDNA spots with diameters @ of

500 pum. Inset shows a dead red cell with green puncta, surrounded by predominantly green live cells.
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Fig. S14: Dual NP and UB tip cell patterning closely matches nominal ssDNA area ratios. Histogram of NPs
and UB tip cells patterned on square, 300 yum ssDNA patterns at 5 different nominal area ratios. NPs were
patterned on F ssDNA and UB tip cells were patterned on G ssDNA (mean + S.D., n = 4 patterns per area ratio).
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Fig. S15: Proximal tubule, distal tubule, and GATA3+ ECAD+ proportions in mosaic NP/UB tip cell
organoids depend on initial progenitor ratios. (A) Plot of mosaic organoid CALB1+ and NPHS1+ podocyte

nominal NP ssDNA pattern fraction

tissues (ratio of cell type area to total area of all cell types measured) for organoids formed from 2D co-patterns of
different NP:UB tip cell ratios (mean + S.D., 1-8 slices per n = 10 organoids per ratio, Tukey’s multiple

comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (B) Results of curve fitting using least
squares regression methods for proximal tubule, distal tubule, GATA3+ ECAD+ tissue, podocyte tissue, and

CALB1+ tissue proportions in mosaic organoids at 16 days post cell patterning. Distal tubule tissue segmentation

data fit a linear model with a slope having statistical significance from zero (F test, p < 0.0001). Proximal tubule

and GATA3+ ECAD+ data fit best to nonlinear models and have statistical significance from the null hypothesis of

a line with zero slope (extra sum-of-squares F test, p < 0.0001 for both). Podocyte and CALB1+ data are

consistent with the null hypothesis of a horizontal line (n = 10 organoids per ratio pattern).
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Fig. S16: Mosaic NP/UB tip cell organoids display higher separation of epithelial structures by
interdigitating stromal cells relative to NP-only organoids. (A) Representative confocal fluorescence
micrographs of the approximate midplanes of an immunostained NP-only organoid, initially patterned on an F
ssDNA spot with diameter @ of 500 um (Top), and a mosaic NP/UB tip cell organoid, patterned on a nominal 2:1
NP:UB tip cell/F ssDNA:G ssDNA patterning ratio (Bottom). Left, white outlines the full manual segmentation of
the epithelialized structures and Right, yellow outlines the corresponding convex hulls, annotated/measured in
Fiji. (B) Graph of solidity of epithelialized structures (ratio of total area of segmented epithelial structures to
convex hull area) of NP-only vs mosaic NP/UB tip cell organoids, as in (A) (mean = S.D., n = 10 organoids per
condition, unpaired t test, ****p < 0.0001).
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Fig. S17: Mosaic NP/UB tip cell organoids have higher proportions of nephron and stromal tissues
relative to NP-only organoids. (A) Total segmented nephron structures in endpoint immunostained NP-only and
mosaic NP/UB tip cell organoids based on the initial nominal NP patterning surface area (mean = S.D., 1-8 slices
per n = 10 organoids per @ or ratio). Pictographs above each data point represent initial pPDPAC conditions (green,
NP, and purple, UB). (B) Total segmented stromal area, corresponding to the endpoint NP-only and mosaic
NP/UB tip cell organoids in (A). (C) Plots of overall stromal proportions (Top) for segmented NP-only (Left) and
mosaic NP/UB tip cell organoids (Right) from (A) and (B). Bottom, trend analysis results of curve fitting using least
squares linear and nonlinear regression methods for stromal proportions in endpoint organoids. The line of best fit
for the stromal proportions of NP-only organoids has a slope with statistical significance from zero (F test, p =
0.0099).

16



Supplemental references

1. Pashos, E.E., Park, Y., Wang, X., Raghavan, A., Yang, W., Abbey, D., Peters, D.T., Arbelaez, J.,
Hernandez, M., Kuperwasser, N., et al. (2017). Large, Diverse Population Cohorts of hiPSCs and
Derived Hepatocyte-like Cells Reveal Functional Genetic Variation at Blood Lipid-Associated Loci.
Cell Stem Cell 20, 558-570.e10.

2. Howden, S.E., Wilson, S.B., Groenewegen, E., Starks, L., Forbes, T.A,, Tan, K.S., Vanslambrouck,
J.M., Holloway, E.M., Chen, Y.-H., Jain, S., et al. (2021). Plasticity of distal nephron epithelia from
human kidney organoids enables the induction of ureteric tip and stalk. Cell Stem Cell 28, 671-

17



	CELS1102_proof_v15i7.pdf
	Highly parallel production of designer organoids by mosaic patterning of progenitors
	Introduction
	Results
	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Cell lines
	hiPSC-derived NPs
	hiPSC-derived UB tip cells

	Method details
	Gels for single-stranded DNA photopatterning
	Photomasks for ssDNA patterning
	Patterning of ssDNA on PA gels for pDPAC
	PDMS microwell fabrication
	PDMS microwell passivation
	PDMS microwell adhesion to PA gels
	Cell patterning in microwells
	Cell viability assay
	Device assembly and culture
	Immunofluorescence
	Imaging
	Image analysis
	Adhesion and alignment of PDMS through-hole overlays on PA base gels patterned with ssDNA
	Reducing nonspecific cell adhesion in microwells
	Exogenous canonical WNT activation in mosaic NP/UB tip cell organoids and conditions that improve cell viability

	Quantification and statistical analysis




