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Abstract
Impact Statement

Given the high rate of breast cancer in women, and
its highly heterogeneous nature, the utilization of
patient-derived three-dimensional (3D) organoid
systems may allow for powerful high-throughput
drug testing, which can guide treatment decisions
and empower personalized medicine.

While mouse models and two-dimensional (2D) cell culture systems have
dominated as research tools for cancer biology, three-dimensional (3D) cultures
have gained traction as a new approach that retains features of in vivo biology within
an in vitro system. Over time, 3D culture systems have evolved from spheroids and
tumorspheres to organoids, and by doing so, they have become more complex
and representative of original tissue. Such technological improvements have
mostly benefited the study of heterogeneous solid tumors, like those found in
breast cancer (BC), by providing an attractive avenue for scalable drug testing and

biobank generation. Experimentally, organoids have been used in the BC field to
dissect mechanisms related to cellular invasion and metastasis—and through co-culture methods—epithelial interactions with
stromal and immune cells. In addition, organoid studies of wild-type mouse models and healthy donor samples have provided
insight into the basic developmental cellular and molecular biology of the mammary gland, which may inform one’s understanding

of the initial stages of cancer development and progression.
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Introduction

For most of the history of cancer research, in vitro studies were
often restricted to the culture of immortalized cell lines. While
the study of these systems was useful and appropriate to
answer certain scientific questions, we know that the nature
of two-dimensional (2D) cultures introduces many artifacts
and prevents full recapitulation of the three-dimensional (3D)
structure of the tissue environment. For example, the use of
immortalized cell lines in 2D lacks the dynamic spatial and
cellular heterogeneity found in tissues, which influences cel-
lular survival and communication.!? In addition, the repeated
selection for proliferative clones through passaging of cell lines
introduces genomic and gene expression alterations, such that
key aspects of patient tumors in vivo are lost in 2D.3

More specifically to the breast, 3D culture originated with
the development of spheroids, and later, nammospheres and
tumorspheres.* These culturing methods were made possible
by the discovery of collagenase, an enzyme which allows for
digestion of tissues like the mammary gland, for subsequent
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culture of cellular clusters ex vivo.5 These multicellular,
heterogeneous units were first cultured on floating rat tail
collagen gel membranes.5” Early efforts revealed the ability
of stem-like cells in human mammary tissue to self-propa-
gate and grow as mammospheres on non-adherent plates.
These mammary early progenitor cells could be grown
at a low density and give rise to differentiated mammary
cell types when grown in Matrigel.® Mammospheres (also
known as spheroids due to their shape) can form branching
structures after weeks in culture and have been utilized for
the analysis of cancer stem cell (CSC) properties.®

The inspiration for breast “organoid” culture originates
from the approach and culture components first designed for
intestinal organoids that were applied and modified for the
culture of breast epithelial cells.!® The terminology has rapidly
evolved, and at present, breast organoid culture refers to the
culture of groups of cells isolated from mammary tissue that
through a combination of self-organization and preservation of
in vivo cellular architecture form mammary structures in cul-
ture, rather than from existing fragments of ducts or lobules.*!!
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Alongside advances in the field of 3D culturing of breast
specimens, a few lingering questions regarding their ability to
mimic native human breast tissue and tumorigenic potential
remained. In response, the field re-optimized conventional
techniques, giving rise to what we call today, “patient-derived
organoid” (PDO) systems.!? This striking advancement in
3D culture systems brought about an opportunity to better
mimic and interrogate the heterogeneity of breast neoplasia
and expanded our understanding of the classic phenotypes of
hormone positive and negative BC subtypes.!* Such informa-
tion allowed for the formulation of growth conditions which
largely preserve this heterogeneity!4 in experimental models,
a critical requisite to better characterizing BC and parsing out
pathophysiological mechanisms that underlie drug sensitiv-
ity and treatment resistance.

The next-generation PDOs also arrived to fill a gap
regarding the initial stages of BC development, which have
mostly been investigated in mouse models of cancer pro-
gression. Genetically engineered mouse models (GEMMs)
have revealed underlying molecular mechanisms of BC
such as cellular interactions and immune contributions that
drive the transition of a normal-like epithelial cell into a
transformed cell with an enhanced ability to propagate and
metastasize.!> However, despite the utility of GEMMs in
expanding our understanding of cancer biology and disease
treatment, several of the existing mouse models of BC only
partially recapitulate the human condition at the genetic,
cellular, and tissue level (i.e. cellular heterogeneity and
the spatiotemporal dynamics of disease progression). To
attempt to circumvent this, models have been employed in
which human BC tissue is grown in a mouse—however, due
to cross-species immune recognition, these animals do not
possess intact immunity.

Given the clear evidence that immune cells (such as
myeloid derived suppressor cells, tumor-associated mac-
rophages, TAMs, cancer-associated fibroblasts, CAFs) play
a critical role in supporting BC development, these mod-
els are inadequate to fully understand cancer development,
progression, and treatment.'*' From this perspective, the
ability to use normal-like PDO cultures to understand nor-
mal breast development in samples from women with high
risk of developing BC represents a unique advantage rela-
tive to GEMMSs. Moreover, the development of PDOs and
organoids from GEMMs has allowed for the establishment
of highly tunable co-culture systems, providing an oppor-
tunity to study the effects of hormone signaling, immune
cell cross-talk, and stromal composition on both normal and
malignant breast development.20-2¢ Thus, PDOs provide a
robust system for the study of an array of processes contrib-
uting to breast development and neoplasia.

In this review, we discuss the history of organoid cultures,
their versatility as a tool to study basic mammary gland
developmental biology, and their potential to make person-
alized, precision medicine a reality and ultimately improve
patient care and outcomes for BC patients.

The history of breast tissue in a dish

In recent decades, organoid cultures have emerged to meet
the need for studying patient biology in vitro. Historically,
normal breast epithelium was first cultured on floating
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collagen gels.® In general, in this review, “on” will refer to
epithelia cultured on top of a substrate, whereas “in” will be
used to describe when cells are grown inside of /embedded
in a culture matrix such as Matrigel. Using this approach in
Matrigel (discussed in detail in the following section), the
Bissell group was able to culture both normal and trans-
formed breast epithelia (from human breast carcinoma cell
lines and primary cultures from normal and tumor biopsies)
in 3D with the goal of comparing normal breast development
and cancer cell biology.?> When grown in Matrigel—which
contains extracellular matrix (ECM) components and growth
factors—the epithelium developed structures, and displayed
cellular organization consistent with morphologies seen in
native breast tissue, as characterized by sphere size immu-
nofluorescence analysis of the epithelial cells grown in 3D.

These initial strategies were adapted and further devel-
oped for the culturing of malignant BC tissue as tumor-
spheres using markers for putative adult mammary stem
cells (MaSCs) identified by studies in mammospheres.?
Mammosphere culture was optimized by the Visvader group
and relies on cell sorting of MaSCs followed by culture in
Matrigel. Applying this protocol to cells from tumor tissue
enables culture of tumorspheres, which has been used to
dissect the role of tumor-associated CSCs: also known as
tumor-initiating cells.?”?8 These cells require further study in
BC, and cancer broadly, as they are thought to precede the
development of a frank tumor and thus represent an avenue
for early targeted therapy before development of a tumor.
In addition to culturing in Matrigel, tumorspheres can be
cultured on, or within, collagen I gels.?” Emerging evidence
from tumorsphere studies suggest that CSCs may engage
a more aggressive transcriptional program to the generally
quiescent (unless exposed to pregnancy hormones) MaSCs.*
Tumorspheres can also be used for drug screening.!

Modern organoid protocols involve establishing cultures
from fresh tissue, rather than cultured cells, as previously
discussed. As a result of this effort, there are now many varia-
tions for how to isolate and culture breast epithelium as orga-
noids, including distinct chemical and mechanical digestion
approaches for tissue preparation and separation.?>-3 These
differences are subtle but can be tailored to the approach at
hand (e.g. culturing tumor vs. normal tissue and mouse vs.
human) and should be clearly conveyed in protocols.353¢
Importantly, many of these subtle differences center around
disruption of particular components of the ECM, which is
made up of proteins that are crucial for tissue structure and
organization.

Importance of the culture matrix

The ECM is a non-cellular, structural component of the tissue
environment.?” The stroma is made up of the ECM, stromal
cells (namely fibroblasts) and soluble mediators. Within and
throughout the ECM, cell-to-cell and cell-to-matrix interac-
tions occur via cell surface proteins like integrins and soluble
mediators, such as hormones, cytokines, and chemokines.
These interactions provide essential cues for cellular dif-
ferentiation, communication, and motility: all required for
the proper development of the mammary gland and impli-
cated in cancer development.3® Within the breast, the most
abundant components of the mammary ECM are collagen
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(sub-classified into type I, II, III, IV), laminins, proteoglycans,
glycosaminoglycans, and fibronectin.353

There is growing appreciation of how the ECM, and cel-
lular perception of stiffness, directs cellular behaviors in
disparate processes such as gene expression, cellular differ-
entiation, and tissue organization at homeostasis and includ-
ing cellular invasion, metastasis, and drug responsiveness of
BC cells.*# For example, collagen prolyl 4-hydroxylase is
upregulated by BC cells during tumor progression and has
been shown through organoid studies to be a key mediator
of BC cell sensitization to chemotherapies (docetaxel and
doxorubicin) which means the dynamic remodeling of the
ECM in BC is important for both progression and treatment
resistance.*3 Sensation of the ECM by stromal cells is suf-
ficiently precise such that breast carcinoma lines grown in
3D demonstrate invasiveness dependent on collagen matrix
alignment.** However, this collagen alignment technology
has not yet been applied to studying organoids grown in
3D. Overall, better appreciating the role of the ECM in BC is
of crucial importance as mammographic density is a known
risk factor for the development of BC and the mechanisms
behind this connection require further study.*> The organoid
system provides an attractive model for dissecting the role
of the ECM and breast tissue density as it relates to BC inci-
dence and progression.

The most commonly used matrix for mammary and
breast organoids is Matrigel©: sold by Corning and derived
from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells.4®
Matrigel contains primarily laminin as well as collagen IV,
entactin, and fibronectin, which collectively provide a 3D
microenvironment which more closely mimics native tis-
sue than 2D culture. Thus, organoids retain higher-order
tissue structures similar to those observed histologically in
breast tissue.¥ However, and given that Matrigel does not
include all components of the breast ECM, such analyses
do not fully capture the contribution of components such as
proteoglycans and glycosaminoglycans on cellular behav-
iors. Therefore, and in order to investigate the role of these
additional ECM components on organoid cultures, alterna-
tive hydrogels should be considered.

In addition to Matrigel, which is a multicomponent
hydrogel, organoids can also be grown in gels of specifically
collagen I to isolate the role of this ECM component.*® Such
conditions enable the precise study of cellular responses that
are not strongly present in Matrigel-based conditions, such
as cellular motility and epithelial-to-mesenchymal transi-
tion (EMT), due to the axial orientation of collagen I fibers
and activation of the ERK pathway by fibronectin provided
by the ECM.%# In fact, studies utilizing collagen I as the
organoid matrix find that this promotes branching morpho-
genesis and invasiveness, while the Matrigel-based cultur-
ing system mainly induces alveologenesis, thus supporting
that distinct systems must be considered according to the
scientific questions being pursued.®%5! The combination of
Matrigel and collagen I for organoid culturing is an addi-
tional option.>? In summary, collagen, and its orientation,
is critical for eliciting cellular invasion into the extracellular
space compared to culturing in Matrigel, and thus brings to
light the utility of combining various culture components to
better understand how matrix composition and content both
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independently and collectively inform mammary epithelial
cell behavior relevant to homeostasis and neoplasia.*4>3

Given variability across commercially distributed batches
of Matrigel and collagen I (such as batch-to-batch variation
in composition, concentration, or pH), efforts are ongoing
to develop a standardized matrix for organoid culture with
the goal of providing greater experimental control across
patient-derived systems.5*% In addition, collagen gels can
be engineered to specifically enhance certain ECM features
such as alignment.** In parallel, synthetic hydrogels are
being developed for the culture of stem cells and organoids,
including for breast organoids, thus far in hydrogels of gly-
cosaminoglycans.?* Advancements in synthetic hydrogels
and those designed specifically for breast organoid culture
may yield benefits for the field. In summary, the matrix cul-
ture conditions are highly biologically relevant and should
be chosen with care based on the experimental question.

Normal and neoplastic breast systems

A unique benefit of organoid culture is the ability to grow
both neoplastic cells and normal epithelium. When grown
under the same conditions, healthy and tumor mammary
organoids can be utilized in parallel as a chimeric system to
study both cancer and normal biology. In the case of patient-
derived tissues, the use of tumor organoids in conjunction
with adjacent normal tissue from the same individual serves
as an excellent internal control for subsequent study as com-
pared to normal tissue derived from other sources which
inevitably introduces variation from differential sample col-
lection, storage time, patient history, and genetic differences
(to name a few).

From a developmental biology perspective, organoid cul-
turing preserves cellular and molecular aspects of the breast
epithelium, thus providing a platform to understand out-
standing biological questions that, until now, could only be
properly addressed in tissue from model organisms.!438 For
example, the optimization of culture conditions that allow
for the dissection of gene regulation and cellular dynamics
during the response to pregnancy hormones, lactation, and
involution in rodents may represent a step closer to under-
standing how normal PDOs respond to the same stimuli.?*>
Given that pregnancy is one of the most important life his-
tory factors that modulates BC, such studies may allow for
the identification of mechanisms and pathways that sup-
port the development of strategies for BC prevention.0-62
Moreover, similar organoid systems could support the study
and characterization of BC tissue obtained from pregnant
women, thus enabling the investigation of cancer-associ-
ated mechanisms ex vivo that were present during in vivo
development.

From a cancer perspective, multiple studies have demon-
strated the robustness of patient-derived breast cancer orga-
noids (BC PDOs) in terms of preservation of cancer features
observed in the primary tumor, and have highlighted them
as excellent tools for the assessment and validation of cancer
treatments.!*1463 Crucially, PDO lines can be stably derived
from all BC clinical subtypes.!3%4 In fact, and in response
to its powerful utility, initiatives have been put in place for
the establishment of fully characterized BC PDO biobanks
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Table 1. Comparison of organoid culture conditions for mouse and human mammary organoids.

Mouse organoid media components

Human organoid media components

References supplying publicly available PDOs (with
necessary MTAs)

FGF22 (5nM) R-spondin1
ITS (insulin/transferrin/selenium, 1X) Noggin
FGF7, FGF10, EGF, TGFa, Wnt3a, R-spondin1 B27
Conditions to induce pregnancy Wnt3a
17-B-Estradiol (40ng/mL), Progesterone Nicotinamide

(120ng/mL), Prolactin (120 ng/mL)

For at least 2days

Conditions to study involution and lactation
1pg/mL prolactin for 4 days to stimulate
lactation, withdrawal of prolactin for 10days to
stimulate involution

N-acetylcysteine

FGF-7, FGF-10
A83-01

EGF
Neuregulin 1

Guillen et al.®s
Sachs et al.™3

Y-27632 (Rock inhibitor—can be removed after
first passaging—however, suggested by Sachs
et al. to be useful for gene editing protocol)

-Both human and mouse organoids are cultured in Advanced DMEM F12+ ++ (5mM GlutaMax, 5mM HEPES, 1X penicillin/streptomycin).

-In italics if used by some but not all groups.

-The ATCC is compiling and offering an organoid bank and developing an organoid reagent catalog, however at a charge to investigators.
aThis component of murine mammary organoid culture should be removed for 24 h before adding in a biologically active component such as pregnancy hormones
(a cocktail or estrogen, progesterone, and prolactin) or other reagents such as plasma.*?

that have been made available to the scientific community
(Table 1). In addition, PDOs have been shown to be power-
ful tools for in vivo tumor development as well, represent-
ing the next generation of patient-derived xenografts (PDX)
when employed as patient-derived organoid xenografts
(PDxOs) in mouse models.®*%5 Historically, PDX research
has provided great insight into mechanisms underlying can-
cer progression and metastasis initiation as it allows for one
to study patient cancer cells in an experimentally tractable
model organism.®® However, a major pitfall of classical PDX
studies results from transplantation into an immunodefi-
cient host, which does not recapitulate the microenviron-
ment of a tumor, with the selective pressure of the immune
system, in vivo.

The 3D organoid systems were optimized by the Clevers
and Rios groups for genetic targeting before transplanta-
tion into mice via lentiviral, electroporation, or commercially
available reagents (like Lipofectamine 2000). Once modi-
fied, PDOs are xenografted to NSG mice and tumor forma-
tion takes 2-16 weeks.® In this same study, Dekkers et al.
show that knockout of p53 and PTEN in normal organoids
using lentiviral transduction resulted in organoids with BC
features from normal tissue that yielded ER+ tumors after
transplantation to mice. This shows how normal organoids
combined with genetic manipulation can be employed to
study early genetic drivers of BC. This procedure—genetic
manipulation of PDOs followed by PDxOs—can be applied
to establish tumor xenografts from normal tissue with the
selection of any BC relevant gene of interest: exemplifying
a powerful merging of techniques (organoids and genetic
engineering) to define and explore BC targets.**

Alongside technical and experimental advantages, PDOs
have also been used for basic studies characterizing particu-
lar BC patient populations of interest, such as triple-negative
breast cancer (TNBC).®® By deploying single-cell RNA-
sequencing analysis of TNBC PDOs, one study discovered
populations of luminal progenitor epithelial cells (LPs) that

were predominantly enriched in organoid systems derived
from TNBC patient specimens, confirming observations pre-
viously raised in mouse studies and those from molecular
profiling of TNBC primary tumor samples that found ele-
vated luminal progenitor signatures in TNBC tumor tissue,
suggesting the LP as the cell of origin for this aggressive BC
tumor type.146367

Overall, for culturing normal and tumor breast organoids,
the principles are the same for human and mouse. Small
differences in plating density, media conditions, frequency
of passaging do exist and must be noted (Table 1). Despite
any technical differences in protocols, the organoid commu-
nity has repeatedly demonstrated the cellular and molecular
similarity of organoids to their tissue of origin, empowering
the utility and interpretability of this system to answer ques-
tions relating to homeostasis and cancer of the breast.131447.64

Organoids for the study of metastatic mechanisms
and progression

Because of the robust nature of the system, organoids enable
detailed and mechanistic studies of a complex and, at times,
experimentally intractable problem in cancer biology, the
process of BC metastasis.

For example, building upon established systems derived
from patient specimens and GEMMSs, organoids can be
assayed for the metastatic ability of epithelium using a tran-
swell migration assay (Figure 1). In this assay, whole orga-
noids or organoids dissociated to single cells are placed on
top of a semi-permeable membrane (termed a “transwell”)
such that their ability to migrate toward a stimulus placed
in the separated culture environment below can be tested.
This stimulus can be a particular growth factor, female hor-
mones, conditioned media derived from specific cell types,
like fibroblasts or immune cells, or patient-derived biologi-
cal substances such as plasma. Given that metastasis is the
leading cause of cancer-related deaths and represents a



2180 Experimental Biology and Medicine

Dissociate to single cells

Wildype and count in order to
organoids
plate equal cell numbers
on top of transwell
Tumor or
genetic KO
(e.g. BRCA1)
organoids

Quantifiable migration

Kept in culture
for the same
time and under
same conditions

towards a stimulus

Or: plate on top of
transwell as whole
organoids

in media below transwell
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Brca1l KO mammary epithelial cells (pre-tumor)
(organoids dissociated and counted before plating)

P53 het ) P53 null _

Figure 1. Transwell migration assay with normal Brca1 KO (knockout) murine mammary organoids. (A) Overall scheme to test migratory properties of organoid
cultures. Mammary-derived organoid cultures can either be dissociated into single cells or plated as whole organoids, into transwell chambers. (B) Normal Brca1l
KO mammary-derived organoid cultures, either bearing 1 copy or total loss of the p53 gene, were tested for their mobility capacity in transwell chambers, indicating

differential migratory capacity based on p53 genotype. Scale bar: 100 pm.

major unresolved barrier in the field of BC research, this
strategy may allow for defining the physiological alterations
and molecular changes which specifically interfere with BC
metastasis in patient-derived specimens.

In addition, because it is an optically accessible system,
live imaging and confocal microscopy of organoids have been
utilized to study and quantify disseminating cells as a proxy
for metastasis in cultures derived from patient tumor sam-
ples and GEMMs.%% More recently, combination with flo-
rescent tagging has enabled the identification of specific cell
types for the study of EMT processes during the initial stages
of metastatic progression in organoids derived from both
murine mammary tumors and human BC specimens.*870
Interestingly, this strategy also allowed for identification of
culture conditions better suited for metastasis analysis, with
Matrigel conditions considered preferable for tracking tumor
growth, while collagen I floating gels are more suitable for the
quantification of invasion/dissemination. While this is not
a strict dichotomy, it is worth testing hypotheses relating to
invasion and metastasis in both culture matrix environments
or in varying combinations of the two.

As transplantation assays of mammary carcinoma cell
lines into the mammary gland of syngeneic mice have been
commonly used as an in vivo metastasis model, replicat-
ing this system by transplanting organoids derived from
GEMMs could also be used to evaluate the metastatic poten-
tial of those cells in a wild-type, immunocompetent host.”!
As these methods are adapted for PDxOs, the clinical rel-
evance of these studies will be further amplified.

Organoid and immune cell co-culture

With the advent of immunotherapies for cancer, many of
which target T cells, organoid co-culture with T cells has
emerged as a powerful tool in the pancreatic, lung, and gas-
tric cancer fields.”? This approach has been used to induce
and characterize tumor-specific T-cell responses and their
specific T-cell receptors.”>74

Because of the paramount importance of the interaction of
BC epithelial cells with surrounding stromal and immune cells
within the tissue microenvironment, methods have emerged
for the study of this interaction using organoid co-culture.
Since the stromal and immune compartments can play both
pro and antitumor roles during BC development and progres-
sion, co-culture systems are an attractive model to parse out
these diverse roles and interactions during pathogenesis.

In one study of normal murine mammary organoids, the
addition of fibroblasts to the culture was sufficient to induce
organoid branching.?® This finding was confirmed by another
group, which showed this interaction requires Wnt signaling
by fibroblasts.?! Other than branching, another study found
that CAFs can induce invasiveness and migration in PDOs.”
In addition to CAFs, TAMs are implicated in promoting BC,
a notion supported by organoid experiments showing that
the addition of M2-polarized TAMs increased invasiveness
of organoids derived from PyMT murine mammary epithe-
lium.” Co-culture systems have also been used to show that
normal, but not tumor-exposed natural killer (NK) cells are
able to restrain organoid size growth and reduce disseminat-
ing cells.””

However, this organoid-stromal and immune co-culture
system has yet to be applied widely to study interactions of
the adaptive immune system, such as T cells and additional
immune cell types, and the epithelium of BC patient-derived
systems. As with dissemination, such co-culture application
of organoids is well suited and amenable to live imaging
studies. Therefore, in addition to the 3D power of organoid
culture, it also enables “4D” studies involving a time compo-
nent in which the cells of the organoid grow over time and/
or interact spatially with other key cell types.

From bench to bedside: toward personalized
medicine

While the application of organoid technology to developing
biobanks of patient tumor and normal culturing systems



is useful, it does not fully realize the potential of PDOs in
materializing personalized medicine.

Preliminary studies testing drug responses of PDOs to
a panel of BC drugs known to inhibit steps of the Her2 sig-
nal transduction pathway—comprising afatinib, gefitinib,
pictilisib, everolimus, an AKT inhibitor (GDC-0068), and
mTORC?2 inhibitor (AZD8055)—found that some, but not all,
Her2+ PDOs respond to Her2 pathway blocking drugs, thus
suggesting intrinsic intratumor heterogeneity that could
contribute to the return of untreatable disease. This drug
screening was accomplished using cell viability assays after
testing over 20 concentrations of each drug. Intriguingly, the
same study found that PDOs derived from patient speci-
mens histopathologically classified as Her2 positive did not
respond to any of the above-tested Her2-targeting drugs,
suggesting that BC patients may benefit from non-traditional
BC therapies early in their treatment.!?

In fact, studies have revealed that drugs typically used
for other cancer types, such as bortezomib (a proteasome
inhibitor commonly utilized for the treatment of multiple
myeloma and mantle cell lymphoma), had efficacy against
tumor PDOs from a luminal BC that had metastasized to
the liver.”® It is clear that cancer therapies outside of those
traditionally used for BC should be considered, especially
in the context of metastatic BC, and can now be tested in a
high-throughput manner using PDOs. Additional treatment
strategies utilizing afatinib, pictilisib, fulvestrant, and oth-
ers have already been tested in PDOs and PDxOs and have
led to the conclusion that, despite classification as the same
subtype, there is variability in drug response as well as the
dosage required to elicit response.!>%> The study by the Welm
group built upon the cell viability assay for drug testing by
expanding it to a 384-well format and quantifying canonical
readouts of drug response like cell growth and cytotoxicity.®

Drug testing and repurposing screens using PDOs and
PDxOs are not only needed to better prevent disease relapse,
but are particularly warranted for advancing the treatment
of TNBC, as potentially unknown molecular vulnerabilities
may be uncovered to target this particularly aggressive BC
subtype. Studies along these lines have investigated the effi-
cacy of PARP inhibitors in Brcal knockout GEMM-derived
mammary organoids and found that diverse mechanisms
enable BC cells to acquire resistance to PARP inhibitor
therapy.” Insights such as these could ultimately guide
treatment choices after or even prior to the development of
drug resistance. For example, an unbiased screen of TNBC-
derived PDOs found that some, but not all, responded to a
preclinical compound, birinapant (an Smac mimetic).%

In an “n of 1” application of PDOs and PDxOs to guid-
ing TNBC clinical care, Guillen ef al. followed one stage II
TNBC patient with organoid studies using banked tissue
throughout their treatment course in order to inform their
care. During this study, when liver metastases emerged, PDO
characterization of the pretreatment tumor tissue revealed
the BC cells were sensitive to eribulin through a compre-
hensive in vitro drug screen, an observation that was further
confirmed in vivo in PDxOs. This drug was then added to the
patient’s treatment regimen and led to an improvement in
PFS (progression-free survival) and TTNT (time to next sys-
temic therapy) than that typically achieved by the previously
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prescribed therapy uninformed by organoid studies (a com-
bination of doxorubicin, cyclophosphamide, paclitaxel in
this case).% Extension of such initiatives to the investigation
of a collection of TNBC PDOs in large-scale drug screenings
with rapid changes to patient regimens and associated infra-
structure prepared in advance may help identify and imple-
ment potential new druggable targets. In addition, there
is great hope that this application of organoids can inform
clinical decisions about outcomes, treatment expectations,
and adverse side effects.

Conclusions and future directions

Given our understanding of the value of organoid systems as
tools for treatment development and evaluation, an immedi-
ate direction the field can take is to determine how aspects of
patient-derived BC intrinsic heterogeneity intersect with drug
response, immune activation, and disease relapse. As we wit-
ness a rapid transformation in the application of 3D organoid
systems to addressing outstanding basic and clinical questions,
the future advancements of such approaches will show that a
single method can empower a synergistic relationship between
studies of homeostatic and pathophysiologic biology, lending
a new tool to harnessing and understanding patient-specific
tumor features that may be exploitable therapeutically.

Indeed, organoid cultures cannot recapitulate all aspects
of the tumor microenvironment nor all aspects of the whole-
body pathophysiology of cancer. Therefore, studies utilizing
such systems should be completed in parallel with in vivo
experiments, such as in mouse models. However, at their
best, in vivo and in vitro approaches will generate data that
inform each other and spark new experiments and lines of
questioning that might not have arisen without this interplay
of methods and approaches.
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