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Organoid cultures are widely used for tumor modeling because they preserve many phenotypic features
of cancer cells in vivo. However, current organoids present issues of consistency, efficiency, mimicry,
and cell-seeding control. More importantly, they can only contain only one extracellular matrix (ECM)
compartment at a time, while solid tumors feature two main ECM compartments: the basement
membrane and the stromal matrix. Here, we develop, test, and validate a high-throughput oil-in-water
droplet microtechnology to generate highly uniform, small-volume, multi-compartment organoids.
Each organoid culture features microenvironmental architectures that mimic both the basement
membrane and stromal barriers. This matrix architecture, which allows us to simultaneously take into
account and assess the proliferative and invasive properties of cancer cells in a single platform, has
profound effect on observed drug responsiveness and tumor progression that correlate well with in vivo
and clinical outcomes. Our method was tested on multiple types of cells including primary breast and
ovarian cancer cells and immortalized cell lines, and we determined our platform is suitable even for
cancer cells of poor standard organoid-forming ability such as primary patient samples. These new
organoids also allow for direct orthotopic mouse implantation of cancer cells with unprecedented
success.

Keywords: 3D model; Tumor microenvironment; Primary cancer cell culture; Tumor progression; Biomaterials

Introduction
Tumor organoids are widely used to maintain and study cancer
cells isolated from patients [1-8]. Organoids have been used to
—_ identify molecular pathways that drive tumor progression
* ?:::72(;22:;9 3\::120:3 o [9-13] discover potential cancer biomarkers [14-19] and predict
¥ These authors contributed equally. patient response to customized pharmacological treatments
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[1,7,8,20-22]. However, before the implementation of organoids
at scale for reliable application in high-throughput drug screen-
ing and predictive modeling ex vivo, greatly enhanced consis-
tency, efficiency, mimicry, and cell-seeding control are
imperative [10,23-27].

Here, we introduce a novel oil-in-water droplet microtechnol-
ogy to produce a highly consistent, small-volume organoids cul-
turing platform. Each organoid culture requires 1 pl of Matrigel
instead of typically >50 pl Matrigel per conventional organoid
culture. Hence, for the same amount of tumor tissue, many more
individual organoids can be simultaneously created. Unlike stan-
dard organoid culture, this efficient platform avoids having to
move organoids/cells out of the original 3D extracellular matrix
(ECM) and transfer them to multi-well assay plates before drug
testing/screening applications, which greatly reduces organoid-
to-organoid variability [1,8,22].

Moreover, current organoid cultures are limited to the use of
only one ECM component at a time, typically either Matrigel
or collagen I. This is a major issue as cells in tumor organoids
mostly grow and invade/migrate little in Matrigel, while cells
mostly invade and grow little in collagen I [28-32] (see also
below). In other words, proliferation and invasion, two key dri-
vers of malignancy, cannot be fully included simultaneously in
conventional organoid cultures. Our new organoids feature a
two-compartment architecture composed of juxtaposed recombi-
nant basement membrane (rBM) and main stromal protein colla-
gen I. These new organoids allow us to study highly invasive
cancer cells, which are notoriously difficult to encapsulate
[33,34]. We demonstrate the predictive power of these new orga-
noids in recapitulating tumor progression in vivo and drug
responsiveness in patients. We also provide an additional appli-
cation of our methodology: to successfully initiate tumor xeno-
grafts with cells that are notoriously difficult to enhance
tumorigenicity.

Results

Control of organoid volume, matrix architecture, and tumor
cell growth

Following the initial steps of pro-oncogenic transformation,
growing carcinoma tumor cells are first confined by a basement
membrane rich in extracellular-matrix (ECM) components lami-
nin, collagen IV, nidogen, and heparan proteoglycans [35].
Then, through disruption of this basement membrane and via
a switch from a proliferative to an invasive phenotype, tumor
cells spread into the surrounding stromal matrix, which is rich
in collagen I [36,37]. To mimic this complex two-compartment
ECM architecture, we have developed a novel oil-in-water dro-
plet microtechnology that reliably and rapidly generates cultures
of small organoids made of two matrix compartments (Fig. 1a): a
core made of rBM (reconstituted basement membrane) Matrigel
impregnated with cancer cells and an outer layer made of colla-
gen L.

A controlled number of cancer cells is mixed with the first
extracellular-matrix material (here Matrigel) and then pipetted
into an oil column filled with approximately 80 uL of mineral
oil. The surface tension between water and oil and the resulting
Plateau-Rayleigh instability molds the matrix into uniform

spherical droplets. To add a second ECM compartment, we har-
vest the gelled droplets, which will become the inner cores, using
a modified pipette tip and placing them into warm serum-free
medium to remove the mineral oil. To ensure complete removal
of the oil, we rinse twice and move to a fresh conical tube prior to
wash 2. We then prepare the collagen gel solution for the outer
layer, using a protocol that allows us to easily tune the collagen
concentration (FRALEY). Utilizing modified pipette tips, we mix
the droplets into the second ECM (e.g. collagen I) and generate a
well-mixed solution. We then place the solid inner core and lig-
uid second layer into a column filled with approximately 80 pL
of mineral oil (Fig. 1a). After a second incubation step to allow
for the second layer to gel, we again rinse the now two-
compartment organoids in warm serum-free medium to remove
all mineral oil prior to plating them in a round-bottom 96-well
plate. Compartments composed of other ECM materials and cells
can be added by simply repeating this process.

Below, we first present an organoid model in which cancer
cells are enclosed inside an inner compartment composed of
rBM Matrigel (3 mg/mL) and an outer compartment of stromal
ECM type I collagen (2 mg/mL) and highlight how this more
physiological architecture affects fundamentally tumor cell pro-
liferation, invasion, and drug responsiveness compared to stan-
dard Matrigel-only and collagen-only organoids (Fig. 1b). In
the following sections, we show how we can integrate stromal
cells (immune cells) in the collagen I outer later in a co-
cultured two-compartment organoids, further improving upon
physiological relevance of the model.

Our organoid cultures require a lot less ECM material per orga-
noid than traditional organoid cultures (Fig. 1a). Our ability to
generate 1 pL Matrigel droplets mixed with cancer cells allowed
us to equally distribute cells into 50 individual cultures instead
of one larger organoid when using the conventional approach,
which uses 50 times more Matrigel to generate one organoid
dome (Fig. 1b). Since these two-compartment organoids are dis-
pensed into individual oil columns (i.e. one organoid per col-
umn), organoids do not have to be disturbed and removed
from the original 3D matrix for cell expansion, as typically
required for conventional organoid cultures (Fig. 1b). Our
method has a high success rate in generating uniform spheres
containing a desired cell density. The main challenge in produc-
ing double-layered organoids is the addition of the second ECM
layer. This is because either multiple cores are picked up uninten-
tionally or cores dissociate from the second layer if mineral oil is
not completely removed prior to the “wrapping outer layer” step.
Finally, cores containing air bubbles can be lost during the wash-
ing steps, and therefore, it is important to gently mix cells and
Matrigel to prevent bubbles.

Our oil-in-water microtechnology produces more uniform
organoids than conventional organoids. Having precise control
over the seeding cell density is important because the density
of cancer cells in 3D culture settings can influence their pheno-
type and their ability to migrate and invade [29,30]. For the same
nominal seeding density, the measured coefficient of variation in
cell numbers in the new organoids was <20% according to Pre-
stoBlue viability reading (Supplementary Fig. 1a). In contrast, if
organoids were isolated from the 3D ECM and placed in multiple
assay wells, the coefficient of variation in cell number among
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Oil-in-water droplet technology to make uniform, small-volume, two-compartment organoids. (a) Schematics for the generation of novel two compartment
model utilizing oil-in-water droplet technology to layer two biomaterials together in a precise and controlled manner. Oil columns are generated from
unfiltered 10 pl pipette tips by first aspirating medium to create a “plug” at the bottom. This allows us to fill the top of the pipette tip with mineral oil. Matrigel
inner cores are generated by mixing a desired number of cancer cells with a controlled volume of Matrigel at a concentration of 3 mg/mL. The cores incubate
for 30 min at 37 °C. Once gelled, cores are rinsed to remove all mineral oil prior to wrapping with the second ECM layer, collagen | gel at 2 mg/mL. The two-
compartment organoid is incubated for 1 h at 37 °C. The two-compartment organoids are then washed again to remove all mineral oil prior to plating. (b)
Design and manufacture of traditional organoid culture using Matrigel only. (c and d) Growth rates of cancer cells in conventional organoids with different
initial cell seeding numbers in Matrigel. (e) Growth rates of cancer cells in two-compartment organoids. Cells used in panels c and d are MCF7 (red curves)
and MDA-MB-231 breast cancer cells (black curves). In panels (c and d), each curve encompasses three biological repeats and each repeat has five replicates

for a total of 15 tested organoids.

wells was >80% because dissociated organoids have different
sizes and contain different numbers of cells (Supplementary

Fig. 1b-d).

To demonstrate the precision in generating cores and orga-
noids of a specific size (here a 1 pL drop for the core and a

10 pL total volume with second layer), we calculated the coeffi-
cient of variation of inner and outer volume measurements on

day 1 (Supplementary Fig. 1e). Both the inner and outer radius

measurements have a coefficient of variation under 10%. To
demonstrate the accuracy of PrestoBlue as a measure of growth
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differences, we correlated the raw reading of PrestoBlue (RFU) to
measured protein concentration of six different cell lines (Sup-
plemental Fig. 1f). The resulting R squared value was 0.85,
demonstrating a strong correlation between PrestoBlue output
and total cell content in the organoid system. Further justifica-
tion of PrestoBlue as a way to track organoid growth and prolif-
eration is described in the methods section and Supplementary
Fig. 5a.

The growth of cells can readily be optimized. Thanks to the
small volume of the inner Matrigel compartment, we can create
organoid cultures of highly controlled nominal cell density. By
adjusting the seeding cell density, the growth of cancer cells in
our organoid cultures can be readily optimized (Supplementary
Fig. 1g,h). In our novel organoid culture, cancer cells can success-
fully propagate even when the initial seeding cell number is very
low (<1000 cells), which is nearly impossible to achieve using the
conventional organoid culture method (Fig. 1c and d). Moreover,
invasive MDA-MB-231 breast cancer cells in conventional orga-
noid cultures grew much more slowly than non-invasive MCF7
breast cancer cells (Fig. le). In contrast and similarly to the
in vivo case [38],invasive cells incorporated into the two-
compartment organoids could grow more than non-invasive
cells (Fig. 1d). This is partly because the outer collagen compart-
ment in the new organoid culture supported effective cancer cell
invasion, as measured by tracking the volume of the inner and
outer compartments (Supplementary Fig. 1i,j).

Justification for a two-compartment matrix architecture

The primary tumor microenvironment is complex and com-
posed of different ECM molecules and compartments as well as
cell types, including immune cells and cancer-associated fibrob-
lasts, which modulate tumor progression and drug responsive-
ness [39,40]. Thus, the fact that our organoids can incorporate
at least two different types of ECM compartments and can
include different types of cells in these compartments enhances
the physiological relevance of our organoid culture method.

To determine the effects of the proper organization of the
ECM architecture on tumor-cell growth and invasion, we gener-
ated four ECM architectures (Fig. 2a). In addition to the configu-
ration presented in Fig. 1 (Matrigel core and collagen outer layer),
we produced three other organoids with (i) Matrigel only, i.e. the
two compartments were made of Matrigel, which is similar to a
standard organoid made of Matrigel, (ii) a collagen core with a
Matrigel outer layer, and (iii) collagen only, i.e. the two compart-
ments were made of collagen, which is similar to a standard orga-
noid made of Collagen I. Given the known properties of these
two ECM materials, we anticipated that cells would primarily
proliferate in Matrigel-only organoids and would primarily
invade in collagen-only organoids. In organoids with reversed
ECM layers - collagen in the core and Matrigel in the outer layer
— we anticipated that cells would remain confined to the inner
collagen compartment as they cannot migrate into Matrigel [41].

As anticipated [39], we found that cancer cells in organoids
with a Matrigel core formed larger tumors than in organoids with
a collagen core, confirming that the type of ECM impacts tumor
size (Fig. 2b). Tumor cells in Matrigel grew more rapidly than the
cells in collagen I, independent of the composition of the outer
compartment, as anticipated from the known pro-proliferative

properties of Matrigel (Fig. 2¢) [41,42]. Cancer cells invaded the
outer compartment as singlets and small aggregates only when
that compartment was collagen I (Fig. 2a). Tumors showed the
fastest growth and invasion, measured by computing the volu-
metric ratio of the inner sphere to the outer sphere, when the
inner compartment was Matrigel and the outer compartment
was collagen I (Fig. 2d). The use of only one type of ECM mate-
rial, which is the ECM architecture of standard organoids, signif-
icantly slowed down the impact of cell invasion and migration
on the remodeling of the collagen I in the outer layer (Fig. 2e).
The reverse (non-physiological) architecture of an inner collagen
core containing cancer cells and an outer Matrigel compartment
inhibited the invasion of cancer cells (Fig. 2a, d and e). The
entirety of the outer collagen matrix was overtaken by highly
invasive MD-MB-231 cancer cells and reorganized the matrix
(Fig. 2a).

Our results support that our proposed system — a Matrigel core
and a collagen outer layer- behaved most similarly to tumor pro-
gression observed in vivo: Cancer cells grow first in an environ-
ment confined by the basement membrane, traverse the
boundary, and then migrate toward the collagen-rich matrix
and remodel the tumor microenvironment. In sum, our new
multicompartment ECM system allows us to study two key hall-
marks of cancer progression- proliferation and invasion- at once,
which is not achievable in single-biomaterial organoid models,
demonstrated by correlating the change in inner volume with
the change in outer volume (Fig. 2f).

All the above demonstrations were first conducted with com-
monly used MDA-MB-231 triple negative breast cancer cells. We
successfully repeated these experiments with SUM149 inflamma-
tory breast cancer cells and HCC1954 breast cancer cells, (an
epithelial breast cancer cell line isolated from a primary stage
ITIA, grade 3 invasive ductal carcinoma with no lymph node
metastases) (Supplementary Fig. 2a,b). Both cell lines demon-
strated the same trend as observed in MDA-MB-231 cells: the
Matrigel inner compartment with a collagen outer layer orga-
noids showed the fastest organoid growth and onset of invasion
(Supplementary Fig. 2a,b).

Together, these results indicate that the properly juxtaposed
organization of the basement membrane-like compartment as
the core and collagen I compartment at the outer layer made pos-
sible by our new organoids greatly impacts the growth and inva-
sive properties of carcinoma cells. For a Matrigel/collagen bi-
layered architecture, cancer cells in the new organoids can pro-
gress via proliferation, invasion and remodeling of the surround-
ing ECM. Depending on the type of cancer cells used and
associated cell-ECM and cell-cell interactions controlled by the
modulable architecture of these new organoids, cells showed
unique ways to organize themselves and the ECM (Fig. 2g).

Pre-clinical applications of two-compartment organoids

Next, we show that drug responsiveness of cancer cells in our
new culturing platform correlates well with predicted clinical
drug response. Clinical investigations have shown that patients
with tumors featuring a high estrogen receptor alpha (ER) expres-
sion are associated with better response to hormone therapy and
poorer response to cytotoxic chemotherapy [43-45]. To study
the potential clinical translation of our two-compartment orga-
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FIGURE 2

Differential progression of tumor cells using different configurations of matrix compartments. (a) Representative phase-contrast images and H&E images of
two-compartment organoids containing MDA-MB-231 breast cancer cells after 7 days in culture. (b) Effect of ECM compartment composition for the growth
of two-compartment organoids. Thanks to our oil-in-water droplet technology, the effect of the matrix composition of the inner core and outer compartment
on drug responsiveness of cells could be examined. Bar graphs represent the mean + SEM of the core volume of two-compartment organoids at day 1, (c)
their growth between days 5 and 9 in culture, (d) their progression measured by the ratio of the volumes of the inner and outer compartments at day 9 in
culture, and (e) the shrinking rate of the outer compartment of new organoids in four different configurations of the two matrix compartments. The core and
outer compartments either contain Matrigel (M) and/or collagen | (C) (**** p < 0.001). Note that C/C and M/M configurations are two-compartment organoids
where inner and outer compartments are both made of collagen or both made of Matrigel, respectively, which are equivalent to conventional organoids
composed of a single compartment made of either collagen or Matrigel only. In panels (b—e), parameters for each organoids configuration encompasses
three biological repeats and each repeat has five replicates for a total of 15 tested organoids. (f) Shrinkage of the outer compartment and expansion of the
core tumor compartment of new organoids between days 3 and 5. Each datapoint corresponds to the volumes of the inner and outer compartments of an
organoid measured at day 3 (light color) and day 5 (dark color). (g) Different patterns of tissue organization and invasion of new organoids composed of
different types of cancer cells (cell lines and primary breast cancer cells) and cultured for a week, as assessed by sectioning followed by H&E staining and
imaging. Scale bar, 200 mm.
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noid model, we subjected organoids containing MCF7 ER+ breast
cancer cells and MDA-MB-231 triple-negative breast cancer cells
in their cores to estrogen receptor modulator Tamoxifen. Based
on clinical observations, MCF7 organoids should respond well
to Tamoxifen, as MCF7 cells express the estrogen receptor tar-
geted by this drug. Tamoxifen should not impact the growth of

MDA-MB-231 organoids, as these cells do not have estrogen
receptor. To compare our novel model to traditional organoids,
we allowed the cells to grow for 8 days prior to drug treatment,
which was given for 1 week before cell numbers in the organoids
were assessed (Fig. 3a,f). When cultured in our novel two-
compartment model, ER+ MCF7 organoids responded to low
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Drug responsiveness of conventional and two-compartment tumor organoids. (a—j) Two-compartment organoids and conventional organoids containing
estrogen receptor-positive (ER+) MCF7 cells or ER~ MDA-MB-231 breast cancer cells and treated with ER modulator tamoxifen or cytotoxic drug paclitaxel.
Responsiveness of MCF7 breast cancer cells (b, d, g and i) and MDA-MB-231 breast cancer cells (c, e, h and j) incorporated into the Matrigel core of (b-e) two-
compartment organoids and (g-j) conventional organoids to (b, ¢, g and h) tamoxifen and (d, e, i and j) paclitaxel. For the two-compartment organoids, the
outer compartment is made of collagen I. Drug doses are indicated in the panels. Each measurement in panels (b—e and g—j) encompasses three biological
repeats and each repeat, and each repeat has five replicates for a total of 15 tested organoids.
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dose of Tamoxifen, as anticipated based on clinical observations
and ER— MDA-MB-231 organoids did not respond (Fig. 3b and c).
In contrast, the same cells grown using conventional organoids
predicted erroneously the same response for ER* and ER™ cells
to Tamoxifen treatment (Fig. 3g and h).

To test the predictive power of our new organoids to cytotoxic
agents, we employed chemotherapeutic drug Paclitaxel. Based on
clinical observations, ER+ MCF7 organoids should not respond
to this cytotoxic drug whereas ER— MDA-MB-231 organoids
should show response to treatment, as cytotoxic treatments are
the most successful therapies for treatment of TNBC tumors
[43-45]. The new organoids containing ER* cells correctly
showed no response to treatment with paclitaxel (Fig. 3d and
e). The new organoids also correctly predicted the response of
ER™ cells to paclitaxel, demonstrating that cell viability is
decreased when concentration of Paclitaxel was increased. How-
ever, conventional organoids predicted again erroneously the
same response for MCF7 and MDA-MB-231 cells to paclitaxel
(Fig. 3i and j). Hence, in this limited yet important test of drug
response, our new organoids succeeded, while conventional
organoids failed to predict clinical results.

Another important pre-clinical application of our method is
to enable the study of tumor cells directly harvested from
patients for screening of potential compounds or anti-cancer
drugs. Our system can incorporate primary tumor cells with high
efficiency (Supplementary Fig. 3a). These tumor organoids have a
high success rate in comparison to conventional methods, which
are not always capable of supporting primary tumor cell growth.
Our system reproducibly establishes tumor cell growth from
tumor tissues. Similarly to conventional organoid culture mod-
els, the growth of cells in these novel tumor organoids and sub-
sequent invasion and migration into the outer collagen layer can
be subjected to imaging modalities, allowing for the extraction of
various quantifiable parameters, including confocal microscopy
as well as sectioning and H&E staining of fixed samples (Supple-
mentary Fig. 3b,c).

To further study the progression of cancer cells in our novel
two-compartment model, we conducted live/dead assay staining
of MDA-MB-231 organoids on day 1 and day 7. From the fluores-
cent images, we observed that cells began to proliferate and orga-
nize in small clusters, as seen in traditional Matrigel-only
organoid cultures (Supplementary Fig. 3d). By day 7, there was
evidence of cell death in the core of the organoid, which is also
observed in hypoxic human patient tumors: a necrotic core
developed as tumor cells expanded (Supplementary Fig. 3d)
[46,47].

Next, we demonstrated the ability to co-culture two types of
cells in the two compartments of our organoids. Cancer cells
were embedded in the inner Matrigel core, while the outer colla-
gen layer was impregnated with immune cells. This co-culture
mimics the situation where the presence of cancer cells in a tissue
induces an immune response mediated by the infiltration of
immune cells from neighboring blood vessels into the stromal
matrix. We confirmed our ability to encapsulate primary human
monocytes and U937 human macrophages in the outer collagen
layer and to monitor their influence on the growth and invasion
of cancer cells via live-cell phase-contrast microscopy (Supple-
mentary Fig. 3e,f). Based on MDA-MB-231-mCherry labeled cells

and U937-GFP cells, we were able to visualize immune-cancer
cell interactions in our system (Supplementary Fig. 3g). In future
work, we will use this new co-culture system to study the molec-
ular mechanisms by which immune microenvironment affects
tumor phenotypes and vice versa [40].

Validation of the new organoids in vivo

Next, we compared the progression of the new organoids in vitro
and in vivo in three different cancer models. In the first cancer
model, we compared the progression of primary uterine cells iso-
lated from the doxycycline-inducible ARIDI1a and PTEN condi-
tioned knockout mice in our two-compartment matrix to the
progression of the cells in orthotopically implanted tumors in
mice (Fig. 4a). ARIDIA and PTEN are two key tumor suppressors
in endometrioid carcinoma, the most common type of human
uterine carcinoma and ARID1A mutation and loss of its expres-
sion correlate with tumor invasion in human endometrial carci-
noma [48-52]|. Deletion of ARIDIA significantly accelerates
tumor progression of PTEN -deleted endometrial and ovarian car-
cinomas as evidenced by marked invasion and metastasis in
genetically engineered mouse models [53,54]. The knock-out is
verified via IHC of both doxycycline-treated and control uterine
cells. We utilized this knock-out inducible cell line to demon-
strate the ability of our system to mimic in vivo observations.

First, we isolated the epithelial cells from the mouse uterus
and cultured them in our organoid model. As anticipated,
untreated cells formed regular structures in the inner Matrigel
compartment (Fig. 4b). After doxycycline treatment to delete
ARID1A and PTEN, cells started to propagate, as anticipated
due to the increase in invasion of cancer in the mouse model
(Fig. 4c); the volume of the inner Matrigel sphere was reduced
more rapidly (due to cell contractility) in treated cells compared
to untreated ones (Fig. 4d). Accordingly, cell density was 20-fold
higher in the doxycycline-treated organoids than untreated ones
(Fig. 4e). Importantly, we observed cell invasion into the sur-
rounding collagen matrix (Fig. 4f). A similar pattern of tumor
progression was seen in mice which showed endometrioid carci-
nomas two weeks after ARID1A / PTEN co-deletion by doxycy-
cline treatment [53]. These carcinoma cells were highly
invasive, with individual tumor cells infiltrating through uterine
myometrium and permeating angiolymphatic spaces. In con-
trast, tumor formation was not observed in the absence of doxy-
cycline administration (Supplementary Fig. 4a—d).

In a second model, we assessed the predictive power of our
organoids of outcomes in vivo by examining the effect of E-
cadherin on tumor progression. High expression of E-cadherin
is associated with the poor overall survival of patients diagnosed
with breast cancer (Supplementary Fig. 4e) [55,56]. To examine
this scenario in vitro, we chose MDA-MB-231 cells, a commonly
used TNBC type cell line that does not express E-cadherin. We
employed a gain-of-function approach by generating an E-cad-
herin lentiviral knock-in of MDA-MB-231 cells, termed here
MDA + Ecad cells (Supplementary Fig. 4f) [57]. In our organoids,
before reaching the same tumor size, the progression rate of
MDA + Ecad tumors was twice as high as control MDA-MB-231
tumors (Fig. 5a). After two days, MDA + Ecad tumors entered a
growth phase, while it took nine days for control MDA-MB-231
tumors to reach a growth phase (Fig. 5b and c). When cells were
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FIGURE 4

Two-compartment organoids mimic tumor progression in vivo. (a) Schematic of two-compartment organoids containing primary cancer cells harvested from
tumors that formed in doxycycline-inducible Arid1a and Pten knockout mice. (b) Phase-contrast images of two-compartment organoids made of a Matrigel
core containing the cancer cells and an outer collagen | compartment surrounding the core, in the absence and the presence of doxycycline. There is a
significant increase in (c) cell number (d) volume shrinkage of the inner Matrigel sphere (e) cell density after doxycycline treatment. (f) Confocal images of
new organoids in which the cells were labeled with F-actin. Scale bar, 200 um. All two-compartment organoids had a Matrigel core and Collagen | as the
outer compartment.

orthotopically implanted in the mammary fat pad of female MDA + Ecad tumors displayed a two-fold faster growth than
NOD/SCID mice, their growth in the xenograft model correlated MDA-MB-231 tumors (Fig. 5d). Within five weeks, the
closely with our in vitro results using the new organoids: MDA + Ecad tumors reached a size of 1 cm? while it took
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FIGURE 5

Tumor growth in two-compartment organoids correlates with tumor growth in vivo. Tumor growth in (a) the two-compartment organoids in vitro or (d) the
mouse mammary fat pad in vivo. Growth patterns of (b and e) MDA-MB-231 scramble control breast cancer cells (MDA-WT) and (c and f) MDA-MB-231 cells
expressing E-cadherin (MDA + Ecad) in (b and c) the two-compartment organoids and (e and f) in the mouse mammary fat pad of NOD/SCID mice. The bar
graphs represent the mean + SEM of the tumor volume of organoids containing different single-cell clones selected from parental MDA-MB-231 cells. These
different single-cell clone cells were either (g) incorporated in the two-compartment organoid or (h) implanted into the mouse mammary fat pad. (i)
Correlation between tumor progression in the new organoids and in orthotopic xenograft mice. (j) Orthotopic implantation of two-compartment organoids
into the ovary in the female nude mice. These organoids contain high-grade serous ovarian cancer Kuramochi cells in their core. (k) Tumor formation inside
the abdominal cavity. (I) Tumor formation in ovaries. All organoids used in Fig. 5 were composed of a Matrigel core containing the cancer cells and an outer
collagen | compartment surrounding the core. The following numbers of measurements were conducted: five biological repeats and six replicates per

experiment (panels a—c); two biological repeats and five replicates per repeat (panels d and e); three biological repeats and five replicates per repeat (panel f),
and two biological repeats and four replicates per repeat (panel h).

10 weeks for MDA-MB-231 tumors to reach the same size.
MDA + Ecad tumors showed a significantly shorter lag phase
comparing to the control MDA-MB-231 tumors (Fig. 5 e and f),
all results predicted by the new organoids.

To further confirm the correlation between in vivo outcomes
and outcomes predicted by modeling using the new organoids,
we next selected six single-cell clones (SCs) generated from the
parental MDA-MB-231 cell line and subjected them to both mod-
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eling using new organoids and modeling using orthotopic xeno-
grafts in vivo. We correctly found that a subset of these clones
displayed an aggressive growth, while a subset showed a low
growth rate, both in the new organoids and in mice (Fig. 5g-i;
Pearson coefficient of tumor growth rates in two-compartment
organoids and mice was 0.95).

Finally, our new organoid culture can be used to generate
orthotropic xenograft models. We implanted our two-
compartment organoids containing high-grade serous ovarian
cancer Kuramochi cells into the ovary of female nude mice
(Fig. 5j). We chose this cell line because it is known to be non-
tumorigenic and challenging — if not impossible — to grow in
nude mice [58-60]. Using our two-compartment matrix as vehi-
cle, Kuramochi cells grew and formed tumors in the implanted
ovary (Fig. 5i). We did not observe tumors that randomly grew
on other organs in the abdomen (Fig. 5k), indicating that using
our new organoid to deliver the cancer cells can greatly facilitate
their implantation and growth only on target organs, whereas
Kuramochi cells have only had limited success as an intraperi-
toneal injection [58]. Our novel methodology for organoid for-
mation will greatly increase the clinical translatability of both
in vitro and in vivo results.

Conclusion

We have developed a novel method to produce three-
dimensional bi-layered tumor organoids that allows for high
levels of consistency, control, and correlation to in vivo models
of cancer cells, all while being high throughput. In addition to
improving from traditional organoid culture techniques, our
technique is also a translational system that can be used to study
cancers in vivo that do not have well-established or feasible mod-
els for in vivo study.

We show that by utilizing oil-in-water droplet microtechnol-
ogy, we can conveniently generate two-compartment organoids
that better mimic the tumor microenvironment than more tradi-
tional single-ECM organoids. We have also demonstrated
through various control experiments how vital the presence of
both reconstituted basement membrane and collagen layering
is to generate a 3D in vitro model that closely correlates with
in vivo data. The double-layered system allows for phenotyping
and studying of cancer cell proliferation, invasion, and migration
all in one experimental system and can be used to study cancers
that are notoriously difficult to culture in the traditional 3D orga-
noid systems, such as ovarian cancer. The novel technique we
have developed allows for unmatched control of vital parameters
to understanding how cancer cells proliferate and interact with
the tumor microenvironment. The advantages of this system
are extended to in vivo study of aggressive cancer types that lack
well-established in vivo models. This approach will allow for fur-
ther study of these cancers in pre-clinical mouse models to fur-
ther improve patient outcome in the clinical setting. This
platform will also allow for high-throughput drug screening,
phenotyping, and predictive data acquisition that will greatly
improve the too common disconnect observed between pre-
clinical cancer research and clinical patient outcomes.

Methods

Cell culture of immortalized cell lines and genetic
manipulations

MCF7 and MDA-MB-231 cells were cultured following ATCC
guidelines in DMEM (Corning) with 10% FBS (Corning). For
modified MDA-MB-231 cells, E-cadherin was artificially
expressed via lentiviral knock-in, as described previously [55].

Two-compartment organoids made using oil-in-water droplet
microtechnology

First mineral oil columns were generated utilizing unfiltered
10 pl pipette tips (USA Scientific) by creating a medium plug in
the bottom of the tip with normal growth medium (i.e. DMEM
with 10% FBS) prior to pipetting approximately 85 ul of mineral
oil (Sigma) to the top of the pipette tip. Unless otherwise speci-
fied, the inner cores of our novel two-compartment organoid
were made by mixing a determined number of cancer cells with
100 pl Matrigel (final concentration of 3 mg/mL) (Corning, Bed-
ford, MA, USA). 1 pl of the mixture was pipetted into mineral oil
column and incubated at 37 °C for 30 min to allow for the gela-
tion of Matrigel. The Matrigel sphere containing the cancer cells
was harvested from the mineral oil and rinsed 2x with warmed
serum-free medium. The cores were then resuspended in a type
I collagen solution at a concentration of 2 mg/mL (Corning).
10 ul of the collagen mixture with one core was then pipetted
into mineral oil column. The two-compartment sphere was incu-
bated at 37 °C for 1 hour to allow for the gelation of type I colla-
gen. The double-layered sphere was then collected and rinsed 2 x
in warmed serum-free medium to remove all mineral oil prior to
plating. Fach new organoid was cultured in suspension in a
round-bottom well. In Fig. 2, we modulate the matrices used in
the core and outer compartments to demonstrate the effect of
organoid architecture on the drug responsiveness of cancer cells.

Potential issues that may lead to unusable organoids: bubbles
in Matrigel cores (which are lost in wash steps), picking up more
than one core when adding the collagen layer, bubbles in colla-
gen layer (will are lost during wash steps), and failure to com-
pletely remove the mineral oil (cores will pop-out of second
layer).

For co-culture organoids, primary monocytes isolated from
PBMCs or immortalized macrophage U87 cells were mixed into
the collagen solution prior to the addition of the Matrigel cores
containing MDA-MB-231 breast cancer cells to ensure homoge-
nous solution of immune cells in collagen. For PMBC monocyte
isolation, Human CD14"*CD16~ classical monocytes were iso-
lated using Classical Monocyte Isolation Kit (Miltenyi Biotec)
via negative selection. Briefly, PBMCs thawed from 90% HI-
FBS/10% DMSO freezing medium were first blocked and labeled,
followed by magnetic separation where label-free classical mono-
cytes remained in the flow-through while non-monocytes were
depleted.

Sample collection and tissue dissociation

Patients’ tumor samples were acquired under Johns Hopkins
Medicine Institutional Review Board approval (IRBO0164685).
Fresh tumor tissues were kept in the tissue storage medium (Mil-
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tenyi Biotech) and then processed using the tumor dissociation
kit (Miltenyi Biotech) and gentleMACS Octo Dissociator with
Heaters (Miltenyi Biotech) according to the manufacturer’s
instructions. Dissociated cells were washed in DPBS and directly
seeded into the new organoids.

Time-lapsed and immunofluorescence microscopy
Time-lapsed images were collected every day for 1 week using a
Nikon TE2000 microscope (Nikon) equipped with a 4x objective
and a Cascade 1 K CCD camera (Roper Scientific). The images
were automatically stitched using custom MATLAB software
(The MathWorks).

For fluorescence staining, organoids were fixed with 4%
paraformaldehyde for 1 day and then incubated with the phal-
loidin (1:40; Invitrogen) and Hoechst 33342 (1:100; Invitrogen)
for 1 day at 4 °C. For tissue clearing, the commercial kit (Visikol)
was used according to the manufacturer’s instructions. Images of
the stained cells were acquired with a Nikon A1 confocal micro-
scope (Nikon) equipped with a 10x objective (Supplementary
Fig. 5b-e). The 3D images were reconstituted using NIS-
Elements (Nikon). For live-dead staining, cells were incubated
with 2 uM calcein-AM and 3 pM propidium iodide for 4 h. Fol-
lowing incubation, organoids were imaged live with a Nikon
A1 confocal microscope using a 10x objective.

Immune cell co-culture organoids were imaged on Ti2 (Nikon)
using a 4x PhL objective. Fluorescent images of m-Cherry tagged
MDA-MB-231 breast cancer cells and GFP tagged U87 macro-
phages were taken on Nikon Al confocal microscope with a
10x objective.

For immunostaining for ZO-1 and E-cadherin, organoids were
fixed with 4% paraformaldehyde for 1 day at 4 °C. To prepare to
immunostaining, organoids were permeabilized with 0.5%
Triton-X for 1 h and then blocked with 1% normal goat serum
for 3 h. Organoids are then incubated with primary antibodies
overnight at 4 °C. To prepare for imaging, organoids are washed
in PBS prior to adding secondary antibodies, Hoechst, and phal-
loidin for 3 h in 1% normal goat serum. If necessary, organoids
were subjected to tissue clearing with 60% glycerol, 2.5 M fruc-
tose solution for 20 min at RT. Organoids were imaged on Nikon
AX confocal microscope with a 20x water immersion objective.

Drug response and cell viability

To examine the drug response of cancer cells, two-compartment
organoids were manufactured, harvested and distributed in the
wells of a 96-round-bottom plate. Each well contained a single
organoid in 100 pl medium. Two times concentrated drug solu-
tion including tamoxifen (Sigma-Aldrich), paclitaxel (Sel-
leckchem) as well as DMSO control 100 pl was added to each
well. Cell viability was assayed using the cell viability reagent
PrestoBlue (Thermo Fisher Scientific). The samples were incu-
bated with PrestoBlue for 3 h. The fluorescence intensity of Pre-
stoBlue was accessed using a Spectra Max plate reader (Molecular
Device), according to the manufacturer’s instructions. Standard
curves relating the controlled initial number of seeded cells in
the organoids to the measured PrestoBlue fluorescence intensity
was generated before data analysis (Supplementary Fig. 5a). To
confirm PrestoBlue assay as means to measure proliferation (i.e.
increase in cell number), 10 organoids were lysed with 75 pl of

high concentration SDS lysis buffer, needle sonicated for 10-15
pulses, and then heated at 100 °C for 5 min to extract protein.
MicroBCA kit (ThermoFisher) was used to conduct protein con-
centration assay and samples were measured on SpectraMax
plate reader (Molecular Devices).

Volume and size tracking of two-compartment organoids

To track size of the two-compartment organoids, NIS-elements
software was used to manually measure the individual compart-
ments of organoids from phase contrast images taken with a 4x
objective on TE2000 or Ti2 microscopes (Nikon).

Histology and immunohistochemistry

All organoids were fixed with 10% formalin for 24 h and then
processed by The Johns Hopkins University Oncology Tissue Ser-
vices using a standard paraffin tissue embedding protocol and 4-
pum sections were cut. For immunohistochemistry, formalin fixed
paraffin-embedded sections were deparaffinized and rehydrated.
Antigen retrieval was carried out using DAKO Target Retrieval
Solution, equivalent to citrate buffer pH 6.0, or Trilogy, equiva-
lent to neutral pH EDTA. Endogenous peroxidase activity was
quenched in 3% H,O,. Sections were incubated with antibodies
overnight at 4 °C. Immunostains were visualized using DAKO
EnVision+ System-HRP goat Anti-Rabbit IgG and DAKO DAB+
Substrate Chromogen System. Nuclei were visualized using
hematoxylin counterstaining. Cover slides were mounted with
Cytoseal 60.

To merge the images of two slides from the adjacent sections,
we developed a customized MATLAB software. The nucleus-
isolated images were rigidly registered in order to computation-
ally align the cells in adjacent sections. Once aligned, the same
registration method was applied to the antibody stain-isolated
channels of the IHC images.

Animals

All animal studies were in accordance with animal protocols
approved by the Johns Hopkins Medical Institute Animal Care
and Use Committee. Generation of Aridlaflox/flox mice on the
C57BL/6 background was described previously [48]. Briefly, Pten-
flox/flox mice on the BALB/c background (Strain C; 129S4-
Ptentm1Hwu/J) were purchased from the Jackson Laboratory
(Groszer et al.,, 2001). To express Cre recombinase specifically
in the mouse uterine epithelium, we used Pax8-Cre mice which
were generated by crossing mice expressing the reverse
tetracycline-controlled transactivator (rtTA) under the control
of the Pax8 promoter (Pax8-rtTA) with mice expressing Cre
recombinase in a tetracycline-dependent manner (TetO-Cre). A
knockout was initiated by treating mice with doxycycline either
through oral gavage (2 mg/mouse/day) or subcutaneous implan-
tation of doxycycline pellets (200 mg) when they reached pub-
erty (6-8 week old).

Orthotopic mammary fat pad injection

A detail procedure is provided elsewhere [61]. Briefly, 5- to 7-
week-old female NOD/SCID mice were used. Mice were anes-
thetized and 1 x 10° cells mixed with 100 ml Matrigel (Corning)
were injected into the mammary fat pad (MFP). Tumors were
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measured in three dimensions (a, b, and c), and their volume (V)
was calculated as V = abc x 0.52.

Orthotopic implantation of two-compartment organoids

Five- to 7-week-old female NOD/SCID mice were used. Once a
mouse was anesthetized, we made an incision (7 mm) at the left
back of the mouse to open the abdomen. The left ovary of the
mouse was pulled out from the abdomen. We cut the surface
of ovary and implanted a new organoid. Twenty pl of Matrigel
was applied to secure the placement of new organoid on the
ovary. After the implantation, we released the left ovary and let
it back to the abdominal cavity. We closed the peritoneum by
suture and closed skin incision using a stapler.
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