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Keywords: The intricate architecture of branched tissues and organs has fascinated scientists and engineers for centuries.
Morphodynamics Yet—despite their ubiquity—the biophysical and biochemical mechanisms by which tissues and organs undergo
Organoids branching morphogenesis remain unclear. With the advent of three-dimensional (3D) culture models, an in-
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creasingly powerful and diverse set of tools are available for investigating the development and remodeling of
branched tissues and organs. In this review, we discuss the application of 3D culture models for studying
branching morphogenesis of the mammary gland and the mammalian lung in the context of normal development
and disease. While current 3D culture models lack the cellular and molecular complexity observed in vivo, we
emphasize how these models can be used to answer targeted questions about branching morphogenesis. We
highlight the specific advantages and limitations of using 3D culture models to study the dynamics and me-
chanisms of branching in the mammary gland and mammalian lung. Finally, we discuss potential directions for
future research and propose strategies for engineering the next generation of 3D culture models for studying

tissue morphogenesis.

1. Introduction

Branched architectures are observed in tissues and organs as diverse
as the lung [1], kidney [2], mammary gland [3], salivary gland [4],
pancreas [5], prostate [6], blood vessels [7], and the nervous system
[8]. The intricate three-dimensional (3D) geometry of these tissues and
organs is generated during normal development through a process
known as branching morphogenesis, wherein initially simple tissues
undergo recursive rounds of branching and elongation to produce more
complex tree-like structures. The resulting branched architectures,
which have striking differences in form and function, maximize the
surface area of a tissue within a confined volume. While the anatomy
and physiology of branched tissues is deeply appreciated, the physical
and chemical mechanisms that drive branching morphogenesis remain
unclear. Elucidating the mechanisms that generate branched tissues
will strengthen our understanding of normal development, disease
progression, and regeneration. Moreover, this information will play an
integral role in engineering 3D branched tissues and organs that can be
used for transplant or to screen new therapeutics.

The study of biological morphogenesis was formalized more than
100 years ago with the seminal work of D'Arcy Wentworth Thompson
[9]. Among other things, Thompson applied principles from physics
and chemistry to explain the shape of cells in epithelial tissues [10,11].
Thompson hypothesized that the same principles that govern the shape
of bubbles in two-dimensional (2D) foams govern the shape of cells in
an epithelial tissue [10,11]. The analogy between tissues and foams
subsequently led to new concepts in developmental biology [10], which
were important for describing cell and tissue geometry. Since these
early observations by Thompson and others, our understanding of tissue
morphogenesis has improved dramatically as a result of advances in
both experimental [12] and computational approaches [13]. However,
studying branching morphogenesis remains particularly challenging
because branched tissues are not easily observed due to their location
and small size (~10%-10*um) during development. Animal models
such as the mouse have been used successfully to investigate the de-
velopment of branched tissues and organs, but tissues isolated from
embryos can often only be used to probe the earliest stages of their
development. Alternatively, cells can be extracted from branched
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tissues and grown in culture, but cells on 2D surfaces do not maintain
the same differentiation or gene expression observed in vivo. In response
to these challenges, 3D culture models, which attempt to recapitulate
key aspects of the tissue architecture and in vivo microenvironment,
have been established to study branching morphogenesis.

The use of 3D culture models to study tissue morphogenesis has
been reviewed previously [14,15]. Here, we focus specifically on the
use of 3D culture models to investigate the dynamics and mechanisms
of branching morphogenesis in the mammary gland and mammalian
lung. While it is widely appreciated that current 3D culture models do
not capture the complexity of the in vivo microenvironment, we de-
scribe how these simplified model systems can be used to answer key
questions about the morphogenesis that builds these two organs. In
doing so, we emphasize the advantages and limitations of conventional
3D culture models for studying morphogenesis in these tissues. We also
discuss how new advances in biomaterials and cell culture platforms
can be used to improve the biological verisimilitude of 3D culture
models.

We begin this review with an overview of the development, struc-
ture, and function of the mammary gland and the mammalian lung. We
highlight their similarities and differences in terms of the timescales of
morphogenesis and branching routines as well as the composition of
these tissues and their surrounding extracellular matrix (ECM). Next,
we discuss state-of-the-art 3D culture models including explants, or-
ganoids, microfabricated tissues, and organs-on-a-chip, and provide
specific examples wherein each has been used to examine the process of
branching. Finally, we summarize new technologies that may be in-
corporated into 3D culture models to improve their spatial and tem-
poral accuracy and propose strategies for engineering the next gen-
eration of models to investigate tissue morphogenesis.

2. Development and structure of the mammary gland and
mammalian lung

2.1. Mammary gland

The mammary gland—which is unique to mammals—is located
within the fat pad of the breast, and its primary function is to produce
and secrete milk. In both mice and humans, the development of the
mammary gland occurs in three distinct stages denoted as embryonic,
pubertal, and adult. Development of the mouse mammary gland begins
in the embryo with the emergence of placodes from the milk lines at
embryonic day 11.5 (E11.5) [16]. By E15.5, these placodes transform
into mammary epithelial buds through short-range signaling interac-
tions with the surrounding mesenchyme [17]. Cells in these initial
mammary epithelial buds proliferate and migrate through the me-
senchyme into the developing fat pad. Once in the fat pad, mammary
epithelial buds undergo further morphogenesis to form the basic ductal
structure that is present at birth, which is comprised of a main duct and
15-20 secondary branches (Fig. 1A) [16]. Similar development is not
observed in male mice because the mesenchyme condenses around and
eventually severs the nascent epithelial buds [18].

The branched mammary epithelial tissue remains quiescent until
puberty (~6-8 week old mice), at which time the mammary epithelium
begins to branch in response to increased levels of ovarian hormones.
During branching morphogenesis, the tips of the mammary epithelial
tissue transform into terminal end buds (TEBs) that invade the sur-
rounding fat pad. TEBs routinely undergo extension and bifurcation,
which gives rise to a highly-branched tree-like architecture (Fig. 1A).
The mammary epithelium grows until the TEBs reach the limit of the fat
pad, at which point additional lateral branches continue to form
(Fig. 1B). In contrast to the highly stereotyped branching morphogen-
esis observed in other organs such as the lung, branching of the
mammary epithelium is a stochastic process, which means each epi-
thelial tissue generates a different number of branches and a random
final architecture.
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During pregnancy, the mammary epithelium undergoes additional
remodeling as the luminal epithelium proliferates and differentiates
into structures known as alveoli, which produce and secrete milk. This
process is referred to as alveologenesis and can occur throughout the
reproductive lifetime of a mammal, which spans approximately 8
months for mice and several decades for humans. After pregnancy and
lactation, milk-producing epithelial cells undergo programmed cell
death in a process known as involution. During involution, the stroma
surrounding the mammary gland is also remodeled as a result of the
secretion of matrix metalloproteinases (MMPs) [19]. Once involution is
complete, the mammary epithelium reenters a period of quiescence. As
a result of this sustained capacity to undergo dramatic changes in tissue
geometry and composition, the mammary epithelium is an ideal system
for studying tissue morphogenesis. For a more detailed description of
mammary epithelial branching morphogenesis, we refer readers to the
following review article [20].

The developing mammary epithelium is comprised of several dis-
tinct cell populations including luminal epithelial cells, basal myoe-
pithelial cells, cap cells, and body cells (Fig. 1B and C). The internal
surface of the gland consists of the luminal epithelium, which surrounds
the hollow lumen and is lined basally by the myoepithelium. Luminal
epithelial cells are important for lumen integrity and can differentiate
into milk-producing alveoli, while myoepithelial cells contract in re-
sponse to oxytocin to help transport milk [21]. The myoepithelium
consists of basal myoepithelial cells that directly contact the basement
membrane, which primarily contains type IV collagen and laminin. The
basement membrane anchors the mammary epithelium to the sur-
rounding fat pad, which contains type I collagen, adipocytes, capil-
laries, nerves, and mast cells (Fig. 1B and C). In the TEB of the devel-
oping mammary epithelium, an outer layer of cap cells surrounds a
multi-layered population of body cells (Fig. 1C). The cap cells appear to
be a population of mammary stem cells that differentiate into the
myoepithelium [22], whereas the body cells give rise to luminal epi-
thelial cells [23].

While the development and structure of the mouse mammary gland
have been studied extensively, we lack a comprehensive understanding
of how signals from the mesenchyme impact epithelial branching and
architecture. No single growth factor controls branching of the mam-
mary epithelium [13], but transforming growth factor-$ (TGFf3) inhibits
branch initiation [24] and fibroblast growth factor (FGF) receptor 2 is
required for ductal elongation [25]. In addition, aligned fibers of type I
collagen in the fat pad are believed to influence the final geometry of
the mammary epithelium [26,27]. 3D culture models can serve as
useful systems to study the role of specific signaling pathways and
physical cues during branching morphogenesis of the mammary gland.

2.2. Mammalian lung

The mammalian lungs are located in the chest cavity and are re-
sponsible for gas exchange with the blood. Early lung development in
both human and mouse occurs across four stages referred to as pseu-
doglandular, canalicular, terminal saccular, and alveolar [28]. In con-
trast to development of the mammary gland, which occurs in distinct
stages, the developmental stages of the mammalian lung overlap [29],
and begin with the pseudoglandular stage between E9.5 and E16.5 in
the mouse [28]. During this stage, branching morphogenesis of the
airway epithelium generates a complex tree-like structure that begins to
approximate the architecture of the mature lung (Fig. 2A). Branching
occurs via three different modes known as domain branching, planar
bifurcation, and orthogonal bifurcation (Fig. 2A). Domain branches
form perpendicular to and around the circumference of the parent
branch (Fig. 2A). Planar bifurcation occurs at the tips of the developing
airway epithelium and generates branches within the same plane as the
previous bifurcation event, whereas orthogonal bifurcation generates
branches perpendicular to the previous one (Fig. 2A). Unlike morpho-
genesis of the mammary gland, the early stages of airway branching are
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Fig. 1. Development and structure of the mammary gland. Mammary epithelial branching morphogenesis in the developing mouse mammary gland. A)
Mammary gland development begins in the mouse embryo at E11.5 and results in a rudimentary gland at E18.5. The gland remains quiescent until puberty when it
undergoes recursive rounds of extension and bifurcation to produce a tree-like epithelial tissue. The tissue undergoes further morphogenesis during pregnancy.
Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology [20], copyright (2011). Whole-mount inguinal mouse mammary
glands are shown at various stages of development after birth; large scale bar represents 1 cm and small scale bar represents 1 mm. Reprinted by permission from
Macmillan Publishers Ltd: Nature Genetics [111], copyright (2010). B) Schematic of mouse mammary tissue labeled for capillaries, duct, basement membrane, fat
pad, lateral end bud, and terminal end bud. Figure inspired by Ref. [20]. C) Cellular composition of terminal and lateral end buds as well as the surrounding fat pad in
the mouse mammary gland. Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology [20], copyright (2011).

highly stereotyped. Airway smooth muscle is required for terminal bi-
furcation of the airway epithelium [30], and mesenchymal expression
of FGF10 influences branch initiation [31]. During this stage of devel-
opment, mesenchymal cell death is also important for branching of the
epithelium [32]. By the end of the pseudoglandular stage, the pro-
spective airways and acinar outlines have formed [33].

The canalicular stage occurs between E16 and E17 and results in an
overall increase in the length and diameter of the lung [28]. Angio-
genesis and vascularization also increase during this stage (Fig. 2B)
[28]. Additional structural changes result in the transformation of
terminal bronchioles into both alveolar ducts and respiratory bronch-
ioles [28]. Moreover, airway epithelial cells differentiate into periph-
eral squamous and proximal cuboidal cells [28]. Squamous cells cover
the surface of the alveoli and play an important role in gas exchange,
while cuboidal cells line bronchioles and are ciliated in order to help
remove debris from the airway.

The next stage of development, known as the terminal saccular
stage, spans from E17 to postnatal day 5 (P5) in the mouse [28]. During
this stage, apoptosis and differentiation of mesenchymal cells results in
thinning of the interstitium [28]. Moreover, capillaries and lymphatics
begin to develop rapidly [28]. Alveolar epithelial cells differentiate into
mature squamous type I pneumocytes and rounded secretory type II
pneumocytes [28]. Type II pneumocytes are important for the synthesis
of surfactant, which plays a significant role in stabilizing the alveoli by

reducing the surface tension of the air-liquid interface [28,34]. Lastly,
the alveolar stage of development occurs from P5 to P30, and it is
during this period that the gas exchange surface matures [28].

The resulting structure consists of a highly-branched network of
airways, which are referred to as bronchi if they are surrounded by
cartilage and bronchioles if they are not. Bronchioles terminate in the
highly vascularized alveoli that are directly responsible for gas ex-
change with the blood. The key components of the developing lung
include the airway epithelium, airway smooth muscle, basement
membrane, and other features of the mesenchyme, including the vas-
culature (Fig. 2B). The developing lung is comprised of a rich diversity
of cell types, each of which has a specialized function and spatial dis-
tribution (Fig. 2C). The airways contain basal, ciliated, and secretory
epithelial cells, while the alveoli are lined with type I and type II epi-
thelial cells. Basal cells serve as progenitors for ciliated and secretory
cells. The airway epithelium surrounds the lumen of the lung and in the
adult plays an important role in secreting fluid that can trap and re-
move inhaled particulates. Airway smooth muscle wraps around the
airway epithelium and provides both mechanical support and physical
constraints during terminal bifurcation of the branching epithelium
[30]. Similar to the mammary gland, the basement membrane anchors
the epithelial tissue to the surrounding mesenchyme and is primarily
comprised of laminin and type IV collagen. The mesenchyme sur-
rounding the developing lung contains undifferentiated progenitor cells
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Fig. 2. Development and structure of the mammalian lung. Branching morphogenesis of the airway epithelium in the developing mouse lung. A) Optical images
of the ventral side of whole-mount lungs at E11-E16; scale bar represents 500 um. The left (L) and right cranial (RCr), middle (RMd), caudal (RCd), and accessory
(RAC) lobes of the E16 lung are labeled. Branching modes are shown below and highlighted in the images of whole-mount lungs at E12-E15. Reprinted by permission
from Macmillan Publishers Ltd: Nature [1], copyright (2008). B) Schematic of an E11.5 developing mouse lung labeled for vascular smooth muscle (VSM), pulmonary
arteries (PA), mesothelium (Mt), vascular plexus (P1), airway smooth muscle (ASM), airway epithelium (AE), and mesenchyme (Me). Figure from Ref. [35]. Reprinted
with permission from AAAS. C) Cellular composition of the pseudostratified tracheal epithelium, bronchiolar epithelium, and bronchoalveolar duct junction in the
mouse lung. Republished with permission of The Company of Biologists Ltd, from Ref. [78].

that eventually form components of the stromal tissue including fi-
broblasts, cartilage, and airway smooth muscle, among others [35]. For
a more detailed review of mammalian lung development, readers are
referred to the following excellent review articles [28,29].

Several open questions remain about how airway epithelial
branching morphogenesis is regulated throughout the development of
the mammalian lung. What specifies the location of domain branches
during the pseudoglandular stage of lung development? Moreover, how
can a small number of genes regulate the highly stereotyped structure
that contains millions of branches? [13]. Attempts have been made to
model the lung as a fractal pattern whose development is governed by a
simple set of rules, but the airway epithelium does not present as a
fractal pattern during the early stages of its development [13]. As with
the mammary gland, 3D culture models can test both mechanical and
chemical models of lung development and serve as useful tools to in-
vestigate the aforementioned questions.

2.3. Branched tissues can be remodeled in response to injury and disease

Beyond normal development, the mammary gland and mammalian
lung can undergo dramatic remodeling in response to injury or disease
progression. Remodeling commonly results in changes to the function
and morphology of tissues, differentiation and proliferation of cell po-
pulations, and physical or chemical properties of the ECM. In the
mammary gland, remodeling primarily occurs in response to aging-re-
lated regression and breast cancer. Studies comparing old and young
mammary glands found differences in the luminal-to-basal cell ratio,
and an increase in irregular ductal morphology in the former [36].
Remodeling of mammary epithelial tissue has been observed in breast
cancer where cells may lose or acquire new functions, which can affect
tissue organization [37]. Transplantation of cancer stem cells into the
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mammary fat pad has also been observed to alter the branched archi-
tecture of the mammary epithelium [38].

The airways of the mammalian lung are most commonly remodeled
in response to injury or disease. Pulmonary cells in the adult lung un-
dergo apoptosis in response to injury [39]. In patients with asthma, the
large and small airways can be remodeled through fibrosis, smooth
muscle hyperplasia, and changes in vascularization, among others [40].
Airways also remodel in response to diseases including cystic fibrosis
[41], chronic obstructive pulmonary disease [42], and idiopathic pul-
monary fibrosis [43]. As with the mammary gland, cancer can result in
dramatic changes in the organization and architecture of the lung.
Moreover, chemotherapeutic drugs such as bleomycin can damage the
lung and result in additional tissue remodeling [44]. Taken together,
these examples motivate the need for 3D culture models with the
flexibility to recapitulate both normal development as well as re-
modeling in response to injury or disease. In the following section, we
describe four state-of-the-art 3D culture models and highlight how each
of these models has been used to study normal branching morpho-
genesis and disease progression of the mammary gland and mammalian
lung.

3. 3D culture models for the mammary gland and the mammalian
lung

3D culture models are engineered biomimetic systems that are de-
signed to recapitulate key biophysical and biochemical aspects of a
tissue and its surrounding microenvironment. As described above, pri-
mary components of branched organs include the epithelium, basement
membrane, interstitial ECM, muscle, vasculature, connective tissue, and
nerves. To date, engineering a culture model that simultaneously in-
corporates these components has not been achieved. However, the use



B.A. Nerger, C.M. Nelson Biomaterials 198 (2019) 135-145

A Organ explant

Random Oriented
90° T o € "

culture media
or ECM gel

organ explant

D Organoid Cystic-budding

——ECMgel

organoid

G Microfabricated tissue

—— microfabricated tissue

ECM gel

’ ——PDMS pillars

cells and ECM gel

[ e

o (e pageeges |

J Organ-on-a-chip
Smoking CBF (t2)

CXCL5
gradient® ™

microfluidic = 3t anti-CXCR2
channel cancer cells|

PDMS

cells

Side chambers

Fig. 3. State-of-the-art 3D culture models for studying the mammary gland and mammalian lung. A) Schematic of organ explant. B) Examples of mouse
mammary gland explants. Left: whole-mount inguinal mammary gland explant 10 weeks after birth (scale bar 1 cm; reprinted by permission from Macmillan
Publishers Ltd: Nature Genetics [111], copyright (2010)). Right: mammary explants branching in collagen gels with random and oriented alignment of collagen fibers
(scale bars 50 pm; reprinted with permission from Elsevier, copyright (2013)) [27]. C) Lung explants cultured at various transmural pressures and immunostained
(EE-cadherin) (scale bars 200 um; republished with permission of The Company of Biologists Ltd, from Ref. [51]). D) Schematic of an organoid. E) Top: examples of
mouse mammary basal cell organoids (scale bar 100 um; republished with permission of The Company of Biologists Ltd, from Ref. [66]). Bottom: mammary tumor
organoid protrusions in a type I collagen gel (scale bars represent 50 um for DIC images and 20 um for immunofluorescence image; reprinted with permission from
Elsevier, copyright (2013)) [67]. F) Mammalian lung bud organoids (left: normal (scale bars 250 pm); right: infected with respiratory syncytial virus (scale bars
100 um) (reprinted by permission from Macmillan Publishers Ltd: Nature Cell Biology [75], copyright (2017)). G) Schematic of square microfabricated tissues
embedded in an ECM gel (top) and cell-gel mixture suspended between PDMS pillars (bottom). H) Left: mammary epithelial microfabricated tissue (scale bar 50 um).
Right: average distribution of traction forces around the surface of a microfabricated epithelial tissue (reprinted with permission from Elsevier, copyright (2012))
[84]. I) Microfabricated tissue gauge suspended between PDMS pillars (scale bar 100 um) [112]. Copyright (2009) National Academy of Sciences. J) Generalized
schematic of a microfluidic organ-on-a-chip. K) Left: extravasation of GFP-labeled cancer cells (white arrows) in response to CXCL5 gradient (scale bars 50 pm;
reprinted with permission from Elsevier, copyright (2014)) [86]. Right: representative example of organ-on-a-chip systems for the mammary gland (reproduced from
Ref. [87] with permission of The Royal Society of Chemistry). L) Left: representative example of mammalian lung organ-on-a-chip (Figure from Ref. [88]; reprinted
with permission from AAAS). Right: time-lapse images representing the ciliary beat frequency (CBF) on the apical surface of the bronchiolar epithelium (reprinted
with permission from Elsevier, copyright (2014)) [89].

of simplified model systems can provide several advantages for in- Explants typically remain viable for several days in culture, which al-
vestigating the dynamics and mechanisms of branching morphogenesis. lows researchers to directly observe changes in tissue architecture and
Above all, one hallmark of 3D culture models is their modular design, cellular composition. In addition to epithelial tissue, whole-organ and
which provides experimental flexibility for isolating and studying the sliced-organ explants often include additional components derived from
role of specific physical or chemical factors in a biological process. 3D the ECM. Minced organs are often further processed to isolate specific
culture models also allow for multiple experimental conditions to be regions of the tissue. One primary advantage of using organ explants is
rapidly investigated in a controlled environment. In the following that cells or biological molecules, which are not accessible in vivo, can
subsections, we describe four commonly used 3D culture models and be labeled and tracked during development in culture. In addition, cells
detail their use in studying branching morphogenesis of the mammary that are normally present in mature branched tissues can be isolated,
gland and mammalian lung. cultured, and studied. Organ explants can also be cultured in a variety

of microenvironments ranging from suspension in cell culture medium
alone to embedding within natural ECM proteins, such as type I col-
lagen or Matrigel. These biomaterials allow the bulk physical and
chemical properties of the microenvironment surrounding the explant
to be modulated.

3.1. Organ explants

Organ explants consist of whole organs, slices of organs, or minced
organs that are removed from an animal and grown ex vivo (Fig. 3A).
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The mammary gland and mammalian lung have been studied using
whole-organ explants [45,46], organ slices [47,48], and organ frag-
ments [26,49]. To investigate branching of the mouse mammary epi-
thelium, whole-gland explants are often obtained from adolescent mice
since the most dramatic branching occurs during puberty. Whole-organ
explants of the mouse mammary gland have been used to study the
dynamics of mammary stem cells, which drive branching morphogen-
esis [50]. The TEB was found to be comprised of lineage-committed
mammary stem cells that contribute to ductal elongation on short
timescales and, because of cellular rearrangements, long-term growth
of the mammary gland [50]. The role of collagen fiber alignment in
mammary epithelial branching morphogenesis has also been in-
vestigated using pieces of mammary explants embedded in anisotropic
type I collagen gels [27]. Collagen fiber alignment was found to be
sufficient to direct mammary epithelial branching in a process modu-
lated by Racl GTPase activity (Fig. 3B) [27].

In contrast, mouse lung explants are frequently isolated during the
embryonic stages of development when the architecture of the airway
remains relatively simple. Metzger et al. used mouse lung explants to
study the pattern of branching during embryonic lung development [1],
and found that branching of the mouse bronchial tree is highly ste-
reotyped and results from three distinct branching modes: domain
branching, planar bifurcation, and orthogonal bifurcation [1]. Mouse
lung explants have also been used to study the role of transmural
pressure, which controls the rate of lung development and the fre-
quency of contraction of airway smooth muscle (Fig. 3C) [51]. In an-
other study of mouse lung explants, Bellusci et al. showed that FGF10
induces morphogenesis of the airway epithelium [31]. Recent advances
in live imaging have allowed researchers to study cellular dynamics in
domain branching and planar bifurcation of lung explants [52], and
have revealed that bifurcation events are regulated by myosin light-
chain kinase, while domain branching is not [52].

There are several limitations associated with using organ explants to
study branching morphogenesis. Above all, explants cannot be cultured
indefinitely, which limits the timescales over which branching mor-
phogenesis and tissue remodeling can be investigated. Explants are
typically cultured over the span of several days, but previous studies
have cultured mammary gland explants for more than 30 days [53] and
mammalian lung explants for up to 27 days [54]. There might also be
differences between the branching patterns that emerge from cultured
explants and those that develop in vivo. Mammary gland explants cul-
tured in collagen gels fail to form normal end buds unless cultured in
direct contact with adipocytes [26]. Similarly, mammalian lung ex-
plants are frequently separated from the mesenchyme in culture, which
is known to regulate branching through FGF and mechanical signaling
[30,55,56]. Other studies have observed that the size and extent of
airway epithelial branching is lower in lung explants cultured in the
absence of exogenous factors than in vivo controls [54]. In order to
obtain sufficient power for statistical significance, it is often necessary
to isolate several explants for every experiment, which is a time-con-
suming endeavor. Finally, it is challenging to study the behavior of
individual cells within large tissues or whole-organ explants due to
light-scattering and other imaging limitations. Nevertheless, organ ex-
plants serve as a versatile tool to study the complex tissue geometries
that emerge during branching morphogenesis.

3.2. Organoids

There are several definitions of the term organoid [57]. Here, we
discuss organoids in the context of self-assembling structures that result
from isolated primary or stem cells cultured in a 3D gel or ECM-like
material (Fig. 3D). These structures capture varying degrees of tissue
architecture and biological signaling observed in vivo. One advantage of
organoids is that the behavior and morphology of specific cells from a
tissue or organ can be examined systematically in culture. Moreover,
organoids comprised of human cells can be used to investigate aspects
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of morphogenesis that remain inaccessible in vivo because of technical
limitations or ethical considerations. As compared to 2D culture
models, organoids more accurately replicate in vivo tissue geometry,
which is important for functional differentiation [57] and cell signaling
[58]. The composition of organoids is also completely decoupled from
the adjacent ECM, which is useful for studies that attempt to determine
the role of the physical and chemical properties of the ECM in mor-
phogenesis.

Protocols have been established to generate organoids for both the
mammary gland [59,60] and the mammalian lung [61]. Mammary
organoids typically consist of mouse mammary epithelial cells obtained
from the thoracic or inguinal mammary glands at the developmental
stage of interest. Glands are dissected from mice, minced, treated with
collagenase, and fractionated into different cell types. After isolation,
cells are embedded in an ECM gel and submerged in culture medium.
The resulting mammary organoids can be cultured for timescales on the
order of weeks, after which epithelial polarity and functional differ-
entiation may be lost [62,63]. Alternatively, mammary organoids can
be derived from differentiated stem cells. Mammary organoids have
been used successfully to study several aspects of mammary epithelial
branching morphogenesis. Using primary mammary epithelial orga-
noids and clusters of SCp2 mammary epithelial cells cultured in type I
collagen gels, Simian et al. confirmed that MMPs are required for
mammary epithelial branching [59]. Another study cultured primary
mammary organoids in Matrigel and found that the duration of ERK1/2
activation is important for morphogenesis and can be used to predict
both cellular and morphogenetic outcomes [64]. Mammary organoids
have also been used to investigate mammary stem cells, which drive
branching. For example, whole breast organoids consisting of both
basal and luminal cell populations can be derived from a single Lgr5™*
cell [65]. Mammary organoids with the bilayered structure observed in
vivo have also been generated using single basal mammary epithelial
cells [66]. In addition, insight into breast cancer can be gained from
studies with mammary organoids. Breast cancer organoids generated
from fragments of isolated primary mouse and human mammary tu-
mors have been used to study collective invasion (Fig. 3E; bottom) [67].
This study revealed that activation of basal epithelial genes converted
luminal cancer cells to invasive leader cells [67]. Mammary organoids
thus represent a robust culture model for investigating mammary
morphogenesis.

Mammalian lung organoids are typically derived from epithelial cell
populations in the developing and adult lung or from differentiated
stem cells using the same procedures described above for the mammary
gland. To date, lung organoids have been generated from mouse and
human basal cells [68], mouse airway secretory cells [69], mouse al-
veolar type II cells [70], and human pluripotent stem cells [71], but
organoids derived from basal cells are the best understood [72]. These
various organoids have been used to investigate aspects of both human
and mouse airway branching morphogenesis, but these models only
recapitulate limited aspects of the branching programs observed in vivo
[73]. For example, organoids of endothelial and basal-like epithelial
cells have been used to show that endothelial cells are required for
branching morphogenesis of airway epithelium in culture [15]. Another
study found that human bronchial cells cultured in Matrigel form
branched structures with a phenotype that depends on signaling from
fibroblasts [74]. Lung bud organoids are also promising for capturing
changes that occur in response to disease. Lung bud organoids derived
from human pluripotent stem cells were infected with respiratory
syncytial virus and responded by swelling and shedding infected cells
into the organoid lumen, which is similar to the response of human
lungs in vivo (Fig. 3F; right) [75]. Moreover, organoids comprised of
cells with a mutation in HPS1, which can cause an early form of pul-
monary fibrosis, accumulated ECM and mesenchymal cells as observed
in vivo [75]. Another study used organoids consisting of type II alveolar
epithelial cells and found that telomere-mediated lung disease is driven
by alveolar stem cell failure in a form of dormancy reminiscent of
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cellular senescence [76].

Currently available versions of organoids have limited use for
studying developmental processes such as branching morphogenesis.
The timescales and morphologies of branches observed in organoids are
not consistent with the branching morphologies found in vivo. For ex-
ample, mammary organoids undergo branching over a period of days in
culture, but branching takes place over a timescale of weeks in vivo
[77]. Mammary organoids can have a range of morphologies and cel-
lular compositions that are reminiscent, but noticeably different, from
those found in the mammary gland in vivo [77]. For example, mammary
buds can be incompletely covered by myoepithelial cells in mammary
organoids cultured in Matrigel, a topology that is only observed in side
branches of the mammary epithelium in vivo [77]. Similarly, mamma-
lian lung buds cultured in Matrigel may not undergo branching mor-
phogenesis [71], and lung bud organoids that do branch are unable to
replicate later stages of development [75]. In addition, cultures of type
II alveolar epithelial cells do not recapitulate the structure of the alveoli
in the lung [78]. The size of organoids in culture is also limited because
of the lack of vascular perfusion [79]. Additionally, the efficiency of
organoid formation is low, meaning that this approach is not yet
amenable to high-throughput screening needed for therapeutic devel-
opment. It can also be challenging to obtain consistent results from
organoid culture due to the variability in isolated cells [78] as well as
poorly defined culture media and matrix materials [79]. For example,
in the context of mammary epithelial branching morphogenesis, the
morphology of the branches that form on mammary organoids depends
on the mouse strain, the initial size of the organoid, and the type of
growth factors present [77]. Finally, isolating specific populations of
cells for organoid studies can be complicated. Despite these limitations,
organoids represent a powerful model system for studying the role of
cellular and ECM composition in the early stages of branching mor-
phogenesis.

3.3. Microfabricated tissues

Microfabricated tissues are microscale model systems generated
using soft-lithographic approaches that enable spatial control of the
positions of populations of cells (Fig. 3G). Typically, a poly-
dimethylsiloxane (PDMS) elastomeric stamp is constructed via soft li-
thography and used as a mold to generate 3D cavities of defined geo-
metry within hydrogels that can be seeded with cells. These tissues can
also take the form of self-assembling cell-gel mixtures that span be-
tween two flexible PDMS pillars, which act as a tension sensor [80].
One advantage of microfabricated tissues is that they allow for precise
control of tissue geometry, composition, and the bulk properties of the
surrounding matrix. These systems also allow for control of the initial
geometry of the tissue prior to induction of morphogenesis, which
provides a unique advantage relative to other 3D culture models that
cannot systematically control initial tissue geometry. Lastly, arrays of
hundreds of identical tissues can be fabricated, which provides a large
enough sample size to enable statistical analysis.

Microfabricated tissues have been used extensively to study the role
of tissue geometry and matrix properties in epithelial morphogenesis
[81]. Microfabricated mammary epithelial tissues embedded in a type I
collagen matrix revealed that the position of branch initiation is dic-
tated by tissue geometry [24]. Branches were observed to initiate in
regions with a local minimum concentration of TGFf, which acts as an
autocrine inhibitory morphogen in the mammary gland [24]. Using the
same system to investigate the importance of adipose stroma in mam-
mary epithelial morphogenesis, branching was found to be induced by
paracrine signals secreted by the adipocytes such as hepatocyte growth
factor [82]. Additional studies have investigated interactions between
microfabricated mammary epithelial tissues and their surrounding fi-
brous ECM. Mammary epithelial tissues align their surrounding col-
lagen fibers prior to branching in a primarily physical process, and
tissue geometry dictates the pattern of aligned collagen fibers [83].
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Microfabricated tissues have also been used to quantify the mechanical
strain applied by mammary epithelial tissues on their surrounding
matrix during the branching process [84]. The spatial distribution of
mechanical stresses is dictated by tissue geometry, and contraction of
multicellular tissues can result in regions of compression of the matrix
(Fig. 3H; right) [84].

Microfabricated lung tissues have not been used extensively because
it is difficult to obtain primary embryonic lung epithelial cells, which
are necessary to study the earliest stages of branching that take place
before epithelial differentiation. One recent study generated micro-
tissues (Fig. 3I) using airway smooth muscle cells, and found that fi-
broblasts were important for tissue survival time whereas substratum
geometry appeared to regulate tissue contractility [80].

Current microfabrication-based approaches can be used to generate
small tissues (~10%-10°cells) of relatively simple initial geometries.
These systems are smaller than those that undergo branching mor-
phogenesis in vivo, which typically commences in tissues comprised of
thousands of cells. In their current form, only the bulk properties of the
surrounding matrix can be tuned and microfabricated culture models
do not incorporate vasculature, which means that the size of tissues are
currently limited to the order of 10% um. It can also be challenging to
replicate tissue-tissue interactions, which are required for morphoge-
netic processes such as branching. For example, interactions between
the airway epithelium and its surrounding mesenchyme are essential
for airway branching, but these interactions cannot be recapitulated
using microfabricated tissues in their current form. Nonetheless, mi-
crofabricated tissues can be used to provide important information
about the role of tissue geometry as well as the ECM and tissue com-
position in the early stages of branching morphogenesis.

3.4. Organs-on-a-chip

Organ-on-a-chip systems include organoids, explants, cell ag-
gregates, or cell monolayers cultured on a micropatterned (often mi-
crofluidic) device (Fig. 3J). These systems often incorporate vascular
(or vascular-like) perfusion, which helps to maintain cell viability for
relatively long periods of time (~1 month) [85]. In addition, these
models are designed in a modular fashion, which means that interac-
tions between distinct tissues and organs can be studied by integrating
multiple organ-on-a-chip systems. This is particularly helpful for the
screening of potential therapeutics, which can impact multiple organs
due to non-specific or off-target effects.

Despite their many advantages, organ-on-a-chip models have not
yet been used to study branching of any tissue to the best of our
knowledge. However, these culture models have been used to in-
vestigate factors that are known or suspected to be important in
branching morphogenesis or remodeling during disease. In the context
of the mammary gland, organ-on-a-chip models have been used to
study diseases such as breast cancer, the progression of which affects
mammary epithelial tissue morphology. The specificity of breast cancer
metastasis to bone was examined using a microfluidic chip model
consisting of human endothelial, breast cancer, and osteo-differentiated
bone marrow-derived mesenchymal stem cells [86]. This study identi-
fied a breast cancer cell receptor (CXCR2) and a bone-secreted che-
mokine (CXCL5) that impacted the rate of extravasation of tumor cells
and subsequent distance traveled (Fig. 3K; left) [86]. In another study,
mammary epithelial tumor growth was recapitulated using a semi-
circular acrylic support to mimic the geometry of the mammary duct
(Fig. 3K; right) [87]. This proof-of-concept study found that cells had
different morphologies and responses to anticancer drugs when cul-
tured on curved surfaces as compared to flat surfaces [87].

The current lung-on-a-chip model incorporates human alveolar
epithelial and pulmonary microvascular endothelial cell layers sepa-
rated by a semipermeable boundary [88]. While the lung-on-a-chip
model is not designed to investigate tissue morphogenesis per se, it can
be used in studies related to the lung remodeling that occurs during
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asthma or chronic obstructive pulmonary disease. A small airway-on-a-
chip model comprised of normal or diseased human bronchiolar epi-
thelium was used to examine the effect of smoking on the epithelium
[89]. This study found new ciliary micropathologies induced by
smoking, which could not have been accomplished with other systems
because they do not recapitulate physiological breathing conditions
(Fig. 3L; right) [89]. Other lung-on-a-chip systems have been created to
study lung inflammation [90]. In particular, the role of eosinophil ca-
tionic protein in lung inflammation was investigated and it was de-
termined that fibrocyte extravasation was mediated by the CXCL12-
CXCR4 axis [90]. Lung-on-a-chip systems have also been used to re-
capitulate orthotopic growth of non-small-cell lung cancer [91]. In this
model, lung cancer cell growth, invasion, and response to therapy were
found to be influenced by physical cues that arise from breathing mo-
tions, which appear to be mediated by epidermal growth factor receptor
and MET protein kinase [91].

Despite the added advantage of incorporating vascular perfusion,
organ-on-a-chip culture models also suffer from some unique limita-
tions. Most importantly, organ-on-a-chip systems are currently limited
in their ability to replicate the remodeling of epithelial tissues that
occurs in response to disease progression. For example, asthma is as-
sociated with airway stiffening, but current lung-on-a-chip studies of
asthma have not yet shown the ability to recapitulate this change in
mechanical properties. However, it is possible that smooth muscle cells
and pulmonary fibroblasts, which contribute to ECM remodeling, can
be incorporated into future lung-on-a-chip systems [92]. Another lim-
itation is that the mass of tissues generated by these systems is low
compared to alternative culture systems such as bioreactors [85], which
limits the types of analysis that can be performed. It is also technically
challenging to fabricate these devices consistently and without defects.
Despite these limitations, organs-on-a-chip represent a promising
avenue for future investigations of branching morphogenesis.

4. Strategies for designing the next generation of 3D culture
models

3D culture models have dramatically improved our ability to study
the dynamics and mechanisms of tissue morphogenesis, including
branching. However, the current design of these models and the asso-
ciated analysis techniques still suffer from several limitations. In this
section, we discuss overarching limitations of conventional 3D culture
models and propose strategies based on new or existing technologies
that can be used to overcome these limitations.

One theme common amongst state-of-the-art culture models is that
the tissues generated have a limited size and viability because they lack
vascular perfusion [93]. Without a system to deliver oxygen and nu-
trients to cells, it is not possible to reproduce the complex branched
architectures reminiscent of the later stages of development of the
mammary gland or mammalian lung. It also becomes challenging to
study tissue remodeling in response to aging or disease progression,
which occur over long timescales (> 1 month). The small tissue sizes
that can be produced limits the techniques that can be used to analyze
them. For example, analysis of gene expression using quantitative
polymerase chain reaction (QPCR) requires a minimum number of cells
(~10-10° depending on gene expression levels). A promising solution
to overcome this limitation is that of microfabricated [94] or 3D-
printed [95] blood vessels, which could be used to incorporate vascular
perfusion into existing 3D culture models (Fig. 4). Microfabricated
vascular channels can be used to generate simple endothelial networks
that can be perfused, which is a promising first step in the production of
vasculature [94]. In addition, a proof-of-concept study showed that 3D-
printed vasculature can be used to culture large human tissues (> 1 cm)
for long durations (> 6 weeks) [95].

Current 3D culture models also exhibit high intrinsic variability of
tissue composition and behavior. This might result from variability in
components of culture media such as fetal bovine serum and naturally
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derived matrix materials such as Matrigel and type I collagen, which
have significant lot-to-lot variability and spatial heterogeneity [79].
Naturally derived materials are also susceptible to additional limita-
tions such as pathogen transmission and immunogenicity [96]. To ad-
dress these concerns, synthetic biopolymers can be used to reduce
variability. In addition, culture models that rely on patient-derived cells
are a source of significant variability, which has been discussed pre-
viously for human lung samples [78]. The careful selection of human
samples or the use of carefully controlled stem cells may help to address
this problem. With more consistent results, high-throughput screening
could be realized for systems such as organoids, which have significant
potential to be used for the testing of therapeutic efficacy and toxicity.

To date, the generation of replacement organs or tissues with
branched architectures that have identical cellular composition and
function of in vivo equivalents remains challenging. Specifically, there is
a need to simulate dynamic tissue-tissue interactions and account for
key features of the in vivo microenvironment such as interstitial flow,
among others. While organoids, microfabricated tissues, and organ-on-
a-chip approaches allow the incorporation of multiple cell types, these
approaches are largely unable to replicate the complex tissue-tissue
interactions found in the mammary gland and mammalian lung. One
promising approach would be to stack layers of tissues to generate
models that recapitulate multiscale tissue architecture found in vivo.
This approach has been developed as a commercial lung airway model,
which consists of a three-layer system containing a ciliated apical sur-
face, mucociliary epithelium, and a microporous membrane. This cul-
ture model contains keratin 5 basal cells and goblet cells for mucus
production and has been shown to respond to stress from exposure to
tobacco smoke [97]. Branched tissues in culture also lack the genetic
variability found in human tissues and organs in vivo. Moreover, the
cellular composition of tissues and organs may differ between humans
and animal models. For example, basal cells are broadly distributed in
human lungs [98,99], while they are located specifically in the trachea
of rodent lungs [68]; this spatial distribution could be incorporated into
studies using 3D models.

Replicating the intricate in vivo architecture of tissues as well as
their surrounding ECM remains challenging for conventional 3D culture
models. One promising approach that could address this problem is the
use of decellularized and recellularized tissues and organs (Fig. 4). The
decellularization procedure uses physical and chemical agents to re-
move cells from a tissue or organ while preserving the composition and
structure of the underlying ECM [100]. After removing cells, the de-
cellularized construct can be recellularized to recover the native ar-
chitecture of a tissue or organ. This approach has not been applied to
human or mouse mammary glands, but porcine mammary glands have
been decellularized in order to isolate the ECM for subsequent breast
tissue engineering [101]. In another study, the stroma from a mouse
mammary gland was altered to more closely match that of the human
mammary gland, which contains more fibrous type I collagen, by in-
corporating human stromal fibroblasts [102]. Primary mammary epi-
thelial organoids were subsequently injected into this modified gland,
which can be used to study human mammary epithelial branching in a
microenvironment more reminiscent of the human mammary gland
[102]. Several studies have investigated decellularized and recellular-
ized lung tissues. Gilpin et al. seeded differentiated human induced
pluripotent stem cells into whole or sliced decellularized rat and human
lungs and found that these decellularized scaffolds support both the
culture and lineage commitment of seeded cells [103]. Another study
seeded type II human and rat epithelial cells into decellularized rat
lungs and cultured the lungs for up to 7 days [104]. This study found
that epithelial markers were not present in seeded cells after 7 days and
suggested that lung epithelial phenotypes might be obtained using
different medium components or physiological stimuli [104].

An alternative approach for recapitulating tissue and matrix archi-
tecture with greater accuracy is 3D bioprinting. 3D structures can be
generated by printing mixtures of live cells and hydrogels onto a flat
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surface or into a hydrogel support (Fig. 4). To date, no publications
have described the use of 3D bioprinting to generate ECM or tissue
architecture observed in the mammary gland. One thesis (protected by
embargo) focused on reconstructing tissue culture models of the
mammary ductal epithelium using rapid prototyping [105]. Similarly,
few studies have investigated the application of 3D bioprinting to
generate tissue or ECM architecture found in the mammalian lung. One
proof-of-concept study bioprinted a human air-blood tissue barrier
containing a Matrigel basement membrane as well as human en-
dothelial and type II alveolar epithelial cells [106]. The macroscopic
architecture of the lung has also been replicated in the form of a 3D-
printed tracheal splint made from polycaprolactone [107]. Taken to-
gether, these preliminary studies suggest that 3D bioprinting has po-
tential for spatially controlling cellular composition and ECM archi-
tecture in a manner that could improve the utility of 3D culture models
in studies of tissue morphogenesis.

Conventional culture models are further limited in their ability to
tune the properties of the matrix over multiple length scales, which is
important to recapitulate ECM remodeling. This limitation arises be-
cause it is challenging to modulate local properties of conventional self-
assembling materials such as Matrigel or type I collagen. One promising
direction for future research is the incorporation of synthetic bioma-
terials with stimuli-responsive properties [96]. Incorporating hydrogels
with light-mediated spatial and temporal control of stiffness could im-
prove the ability of 3D culture models to recapitulate dynamic changes
in the ECM (Fig. 4). For example, Stowers et al. designed an alginate gel
with tunable stiffness that is driven by the light-induced release of
calcium or a chelator [108]. In addition to the physical properties of the
ECM, it is also important to modulate chemical properties such as the
release of growth factors, which play an integral role in tissue devel-
opment. To that end, Richardson et al. fabricated a poly(lactide-co-
glycolide)-based polymeric material that can deliver both vascular en-
dothelial growth factor and platelet-derived growth factor [109]. Poly
(ethylene glycol)-based hydrogels have also been developed to mimic
the response of the ECM to adhesion-dependent proteolytic matrix re-
modeling [110]. Taken together, these preliminary studies show that
key properties of the native ECM can be recapitulated with synthetic
materials. Improved control of the ECM will allow 3D culture models to
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be used for the investigation of aspects of tissue morphogenesis that
rely on spatiotemporal changes in mechanical or chemical properties of
the ECM.

5. Concluding remarks

Several 3D culture models have been used successfully to in-
vestigate tissue morphogenesis. Here, we describe specific examples of
how organ explants, organoids, microfabricated tissues, and organs-on-
a-chip can be used to study branching morphogenesis of the mammary
gland or the mammalian lung. While these systems are limited in their
ability to recapitulate the intricate tissue architecture and physical and
chemical complexity of the ECM observed in vivo, they have been used
to reveal several mechanistic details about morphogenesis. However,
many more questions about the mechanisms of branching morpho-
genesis in the mammary gland and mammalian lung remain un-
answered. Moving forward, the incorporation of additional components
such as synthetic materials and vasculature will improve our ability to
study tissue morphogenesis in engineered culture models over longer
timescales and with greater relevance to the process in vivo.
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