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ABSTRACT

The human mammary gland is the major organ involved in lactation. In the mammary gland, alveoli secrete milk
and myoepithelial cells contract to propel the milk through branched structures called ducts and eventually to
the nipple. It is through this process of lactation that infants receive milk, which is essential for proper infant
growth and development. The lactation process is comprised of sophisticated interactive networks at the cellular
level that are not well understood. Whereas the majority of published mammary gland lactation studies have
relied on mouse mammary glands, recent advancements in techniques to study mammary glands enable in vitro
reproduction of lactation using human-representative frameworks. Currently, the 3D breast organoid is the state-
of-the-art model in human mammary gland research, utilizing induced pluripotent stem cells (iPSCs) or pro-
cessed patient-derived breast tissues embedded in a special matrix that are then able to grow into complex
structures that recapitulate aspects of native human breast tissue. Gaining comprehensive biological insight into
the process of lactation through these breast tissue-mimetic 3D models is essential for further studies on
lactation-associated human mammary gland diseases, human milk composition, and potential solutions to
challenges in maternal milk accessibility. In this short review, the benefits and potential utility of 3D breast
organoids in understanding the underlying science of lactation and advancing further human mammary gland

studies are discussed.

1. Mammary gland development and lactation

The human mammary gland is a complex organ consisting of intri-
cate structures that remodel over the course of a female’s lifetime.
During development, precursor luminal stem cells give rise to ductal and
alveolar luminal cells of the mammary gland. In contrast, precursor
basal stem cells give rise to myoepithelial cells that line the outside of
the luminal cells and make contact with the extracellular matrix (ECM).
At birth, the female mammary gland has a primitive ductal structure and
is in a latent phase. At the onset of puberty, substantial development
begins as ductal branches and bulbous structures at the tips of the ducts
called the terminal end buds (TEBs) elongate through the fat pad due to
a series of interactions between major signaling molecules [1]. The TEBs
then degenerate and only the extended ductal tree remains [1]. In each
cycle of menstruation, the fluctuating levels of ovarian hormones,
including the major hormones estrogen and progesterone, drive the
periodic reconstruction of mammary gland structures [2].

During pregnancy, progesterone promotes further side-branching of
ducts and alveologenesis [3]. Maturation of the lobules are also aided by

chorionic gonadotropin [4]. The development of these structures play an
important role in lactogenesis — the process of mammary epithelial cell
differentiation into the mature lactating mammary gland [5]. Lacto-
genesis consists of two consecutive stages known as secretory differen-
tiation and secretory activation [4]. Secretory differentiation occurs in
the second half of pregnancy and begins with the differentiation of
mammary epithelial cells into milk-producing lactocytes [6]. Previous
studies using cell and organ cultures have shown that the stimulation of
secretory differentiation relies on a combination of prolactin, insulin,
and steroids [5]. Although the secretory differentiation stage makes the
alveoli capable of secreting certain milk proteins such as lactose and
casein, high progesterone and estrogen levels prevent premature milk
secretion [7,8]. Progesterone and estrogen decrease by the third
trimester of pregnancy and after removal of the placenta post-delivery,
which is a major secretor of progesterone [4,9]. Thereafter, secretory
activation occurs when milk is secreted due to low progesterone levels
and high prolactin, insulin, and cortisol levels [6]. Continued prolactin
secretion by the lactotrophs of the anterior pituitary gland is stimulated
by suckling, and prolactin subsequently stimulates lactocytes in the
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alveoli to produce milk [8,10]. In addition, suckling stimulates the
posterior pituitary gland to release oxytocin, which prompts the myoe-
pithelial cells to contract and propel the milk from the alveoli through
the ducts and eventually to the nipple [8].

After lactation, the mammary gland undergoes involution. When
suckling or stimulation is halted and milk is no longer ejected from the
ducts, milk buildup creates a negative feedback effect by activating
apoptosis-associated signaling [11]. Matrix metalloproteases (MMPs)
secreted by stromal cells have been shown to augment apoptosis by
remodeling the ECM around the alveoli, causing alveoli collapse [11].
Through involution, the mammary gland is reverted to the
pre-pregnancy state [11].

2. Mammary organoids
2.1. Need for new mammary modeling techniques

Despite great advancements in understanding the dynamic mam-
mary gland structures and chemical pathways of lactogenesis and
involution, the full scope of biomolecular mechanisms remains un-
known. Most importantly, current knowledge of human mammary gland
development and lactation largely originates from animal model studies.
The most commonly used mouse mammary gland is substantially
different from humans in morphology, development, and signaling
pathways. At birth, the mouse mammary gland displays a single ductal
network that begins at the nipple in contrast to the human mammary
gland which has several ductal networks converging at the nipple [12].
Additionally, mouse mammary glands only display lobular growth
during pregnancy, whereas human mammary glands experience lobular
growth at the onset of puberty [12]. Furthermore, human mammary
glands have been shown to express more complex signaling pathways
during early development. One such example is the absence of luminal
marker cytokeratin (CK) 19 during mouse embryonic development in
contrast to early mammary gland structures of human infants [12].
These comparisons account for only a small fraction of the differences
between mouse and human mammary glands. Therefore, it is crucial
that new biological methods and experimental systems are used to
advance our understanding in the various topics of human lactation
biology, lactation-associated diseases, and human milk composition.

Because animal or murine mammary gland studies cannot fully
recapitulate the architecture and molecular underpinnings of human
mammary gland tissue, 3D breast organoids have been monumental in
reproducing the human mammary gland without reliance on animal
microenvironments. In contrast to animal xenograft models, organoids
allow easy control and observation of breast tissue, provide results of
added or removed genes or hormones without the influence of other
variables, maintain spatial morphology, preserve local signaling path-
ways, and allow ECM interactions. Through breast organoid studies,
more accurate understandings of the human mammary gland can be
obtained, and clinical applications can be developed.

2.2. Current mammary organoid studies

Human breast organoids can either be prepared by differentiation of
human induced pluripotent stem cells (iPSCs) or digestion of patient-
derived breast tissue samples. In a previous study by Qu et al., human
iPSC-derived non-neural ectoderm cell-containing spheres successfully
differentiated into mammary-like organoids in 3D culture [13]. The
organoids were able to form alveolar structures, showing recapitulation
of breast tissue morphology. Furthermore, the researchers found both
luminal markers such as EpCAM and CK18, and basal markers such as
CK14, showing that cell heterogeneity was preserved [13]. The ability to
use somatic cells (e.g., from the blood or skin) to generate iPSCs is one of
the major advantages of iPSC-derived breast organoids. In addition to
increased opportunities for organoid research, iPSCs also improve
accessibility to a large patient population for more diversity-inclusive
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mammary gland studies.

Many studies have also used patient-derived breast organoids for 3D
culturing. In a study by Rosenbluth et al., normal human breast orga-
noids expressed both luminal and basal cell proteins such as CK8 and
CK14, respectively, and certain cells were also found to express estrogen
receptors (ER) [14]. Further flow cytometry analyses confirmed that
breast organoid cells could be characterized into luminal progenitor,
mature luminal, or basal/stem cell subtypes, supporting that cell het-
erogeneity could be maintained [14]. Additionally, the organoids dis-
played similar ductal and alveolar structures as in native human breast
tissue [14]. Sachs et al. also presented that ER, progesterone receptor,
and HER2 markers were maintained for a majority of breast organoids
when compared with the original tumor tissues [15]. The study further
showed that breast organoids can be used for drug screening, as the
model system yielded drug experiment results consistent with those of in
vivo studies [15]. A great advantage of patient-derived organoids of 3D
models in comparison to iPSC-derived breast organoids is the ability to
preserve stromal components and interactions from digested breast tis-
sue samples in organoid culture. One study using mouse breast orga-
noids found that macrophages co-cultured with breast organoids
allowed basal cells to maintain stem cell activity by activating TNF-o
and PI3K, demonstrating the importance of stromal cells in organoid
culture studies [16]. Importantly, studies have also shown that
patient-derived breast organoids can undergo long term culture and
cryopreservation, enabling establishment of organoid biobanks [14,15].

Most organoid studies utilize a matrix that allows organoids to
“float”, and the matrix is subsequently covered in culture medium. The
matrix allows 3D growth and facilitates in reproducing ECM conditions
[17,18]. Matrix stiffness and the Matrigel to Collagen I ratio in the
matrix have important implications on the morphology and growth of
the organoid [17,19,20]. The techniques used to culture the organoids
can also vary. For example, previous studies have used the dome/droplet
form culture, cultures with different ratios of Matrigel and Collagen I,
the hanging drop array system, and the inverted mammary organoid
model (Fig. 1) [14,15,21-24].

2.3. Lactation studies using organoids

Recent studies have indicated the potential and utility of breast
organoids to model lactation in vitro. In the study by Qu et al., re-
searchers were able to demonstrate that the addition of a lactation
medium containing prolactin, insulin, and hydrocortisone to iPSC-
derived breast organoids were able to induce milk protein expression
(Fig. 2a) [13]. Another study by Sumbal et al. embedded patient-derived
breast organoids in Matrigel and plated the mixture in a dome/droplet
form (Fig. 2b) [25]. When the organoids were exposed to the growth
factor FGF2 and lactation medium containing prolactin and hydrocor-
tisone, organoids showed darker lumen suggesting milk secretion, pro-
duced lipid droplets, and displayed increased expression of the milk
proteins p-casein and Csn2 [25]. The expression of these two milk pro-
teins were also preserved in long-term lactation medium culture [25].
Staining of luminal and myoepithelial cells showed that the architecture
of the organoids was intact during long-term lactation medium culture,
lactation medium withdrawal, and oxytocin-stimulated myoepithelial
contraction [25]. Notably, lactation medium withdrawal was able to
reduce the size and branching of the organoids and caused increased
expression of MMPs, suggesting the ability of organoids to model
involution [25]. The protocol used in this research study has also been
further standardized [26].

3. Prospects of human breast organoids
3.1. Breast organoid models for furthering lactation studies

Previous research using breast organoids to recapitulate structural
and chemical characteristics of normal and cancerous breast tissue,
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Fig. 1. Types of Breast Organoid Models Used in Reported Studies

(1) Top left, organoids are mixed in a matrix of basal membrane extract (shown
in orange). A droplet of the mixture is placed on a 24-well suspension culture
plate in studies by Sachs et al. and Rosenbluth et al. Medium is placed over the
matrix (shown in pink). (2) Top right, organoids are embedded in matrix
consisting of only collagen I (shown in yellow), and medium is placed over the
matrix (shown in pink) in the Simian et al. study. (3) Middle left, organoids are
embedded in matrix consisting of 90% Matrigel (shown in red), and medium is
placed over the matrix (shown in pink) in the Mazzucchelli et al. study. (4)
Middle right, organoids are mixed in cell suspension solution containing
Matrigel (shown in pink) in the hanging drop array. The solution can be directly
renewed by removing and adding small amounts when needed. (5) Bottom, the
inverted hanging drop array in the Mertz et al. study uses similar cell suspen-
sion solution as the hanging drop array. However, this method is different from
other organoid models in that adipose tissue self-assembles to be in the interior
of the mammary epithelial cells.

human mammary gland microenvironments, and lactation demonstrate
high promise of organoids in furthering lactation studies. Future orga-
noid studies should study the signaling pathways of important molecules
involved in lactation such as FGF2, insulin, and cortisol, as well as
additional molecular players in involution. Because Sumbal et al. did not
co-culture with adipocytes and previous studies by Watson et al.
observed adipocyte differentiation during involution, co-culturing
organoids with adipocytes and other stromal components should also
be conducted in order to understand the full scope of involution. So-
lidified knowledge on the biomolecular mechanisms of the stages of
lactation using breast organoids will consequently allow for a
strengthened comprehension of lactation-associated breast cancer and
human milk composition (Fig. 3).

3.2. Breast organoid models for studying pregnancy- and lactation-
associated breast cancer

Although breast cancer during pregnancy is uncommon, the preva-
lence of breast cancer occurrence during pregnancy may be increasing in
alignment with the growing number of women delaying childbearing
until a later age [27]. Currently, the breast cancer incidence rate during
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pregnancy is approximately 1 in 3,000 pregnancies and comprises
approximately 2% of all breast carcinoma cases [27]. Furthermore,
these breast cancers generally present poor histologic and prognostic
features. The effects of fluctuations in hormones, signaling pathways,
cell proliferation, and structural reorganization during lactation on
breast cancer development and progression are unclear.

Studies on the relationship between lactation and breast cancer also
have divided results. A previous study analyzed data from the 1997
Nurses’ Health Study II and presented inconsistencies in the relationship
between premenopausal breast cancer and breastfeeding [28]. For
women without a family history of breast cancer, there was no signifi-
cant association between having breastfed at least once in their lifetime
or never having breastfed and premenopausal breast cancer [28].
However, women who never breastfed and took lactation supplements
had lower breast cancer incidence rates than those who never breastfed
and did not take lactation suppressants [28]. Additionally, for women
with a first-degree relative with a history of breast cancer, those who
breastfed at least once in their life showed significantly lower premen-
opausal breast cancer incidence rates than those who had never
breastfed [28]. Another study postulated that breastfeeding may reduce
the risk of breast cancer by reducing the total number of menstrual cy-
cles throughout a woman’s life [29]. These reports are among those that
demonstrate the lack of understanding on the impact of lactation on
breast cancer development. Thus, whether lactation lowers breast can-
cer incidence rates remains an unresolved question and warrants further
investigation. More studies on the relationship between dramatic
apoptosis and remodeling of the ECM during involution and breast
cancer risk should also be conducted.

Because 3D breast organoids are able to pinpoint the time-dependent
molecular and cellular changes induced by specific hormones, physio-
logical perturbations, and genomic mutations, organoids could be used
to identify potential risk factors of breast cancer initiation and pro-
gression during the pregnancy and lactation stages.

3.3. Breast organoid models and human milk

Human milk contains distinctive components that are essential for
proper organ development, microbiome development, and overall
growth [30]. One study demonstrating the importance of maternal milk
presented that breastfeeding for six months decreased the risk of
childhood obesity by 42% [31]. In human milk, antibodies, macronu-
trients such as proteins and fatty acids, vitamins, and growth factors are
known as important components [30].

According to the Centers for Disease Control and Prevention, 83.2%
of infants born in 2019 received some breast milk after birth but only
62.6% exclusively received breast milk [32]. By 6 months, the per-
centage of infants born in 2019 who received some breast milk
decreased to 55.8% and only 24.9% exclusively received breast milk
[32]. This suggests that infants may have relied on infant formula for
alternatives of breast milk. However, infant formula is derived from cow
milk and has been shown in previous studies to contain different qual-
ities and amounts of ingredients than those in human milk [33]. For
example, cow milk has greater levels of fat, protein, and minerals [34].
Cow milk also contains inadequate amounts of certain essential factors
such as vitamin E and iron while containing disproportionately high
levels of sodium and potassium [34]. Moreover, human milk contains
important substances such as human milk oligosaccharides that support
critical functions including immunity and neurocognitive development,
and greater levels of lactoferrin which increases the bioavailability of
iron in human milk [35,36].

However, even the benefits of maternal milk may differ between
women based on various factors. 3D breast organoids may be helpful in
elucidating how gene expression, external exposures, diet, and lifestyle
can affect human milk production and composition. For example,
organoid studies could clarify inconsistencies between the association of
human milk and infant health conditions, such as the relationship
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Fig. 2. Capability of Mammary Organoids to Model Lactogenesis and Involution
(a) Qu et al. model. iPSC-derived non-neural ectoderm cell-containing spheres are enriched in Mammocult medium (shown in yellow). The spheres are placed in 3D
culture containing matrix composed of Collagen I and Matrigel (shown in orange) to further mammary differentiation and organoid growth. Medium is placed over
the matrix (shown in pink). Addition of lactation medium consisting of prolactin, insulin, and hydrocortisone results in milk protein expression. (b) Sumbal et al.
model. Mouse mammary organoids are embedded in Matrigel in the dome/droplet form (shown in orange) in a 24-well culture plate. Medium is placed over the
matrix (shown in pink). Milk secretion and lipid droplet production are detected after the addition of lactation medium, and myoepithelial contraction occurs after
the addition of oxytocin. Removing lactation medium reproduces activity indicative of involution.

between breastfeeding and increased risk of asthma or respiratory illness
in infants [37]. Additionally, certain circumstances or situations may
affect a woman’s ability to breastfeed. One study found that women who
experience delayed secretory activation of lactogenesis could have
decreased abilities to exclusively breastfeed or breastfeed for long du-
rations [38]. Another study was able to conclude that women who had
remaining placental fragments post-delivery had difficulty in entering
the secretory activation stage [39].

Further 3D breast organoid studies may advance our understanding
of human milk composition and shed light on ways to improve human
milk production and accessibility. It is envisioned that breast organoid
systems may be developed, refined, and scaled up to manufacture
“human milk formula” for infants who have special nutritional re-
quirements, or be used as enhanced maternal milk alternatives when
maternal milk is not produced or available in order to ensure healthy
infant growth.
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4. Conclusion

Current abilities of 3D breast organoids show the potential of breast
organoid models in improving our general knowledge of the cellular and
molecular biology of lactogenesis and involution. In addition, breast
organoids may be used to investigate the development of breast cancer
during pregnancy and lactation stages. Furthermore, breast organoids
may be exploited as potential sources of human milk to aid in the
development of healthy infants.

However, current abilities of 3D breast organoids also have its lim-
itations in that reproduction of the breast tissue microenvironment and
biological processes that occur in the native human mammary gland
must be further improved. Additionally, long term culture of breast
organoids — although possible — is still a challenge and culturing
procedures must be standardized. These and other limitations must be
addressed before the applicable benefits of 3D breast organoid systems
can be reaped. Nonetheless, well-developed human breast organoid
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Breast organoids may serve as useful models to delineate epithelial and stromal interactions in human breast tissue and can contribute to the elucidation of the
cellular and molecular signaling pathways governing lactogenesis and involution. A strong knowledge base in these lactation stages can further enhance our un-
derstanding of the associations between lactation stages and breast cancer, as well as the effects of various internal and external variables on milk composition

and production.

models coupled with multiplex staining, single-cell RNA sequencing,
and spatial gene expression profiling technologies would open up an
avenue for the elucidation of lactation biology.
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