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Abstract

The complexity of mammary tissue and the variety of cells involved make tissue

regeneration an ambitious goal. This review, supported by both detailed macro and

micro anatomy, illustrates the potential of regenerative medicine in terms of

mammary gland reconstruction to restore breast physiology and morphology, dam-

aged by mastectomy. Despite the widespread use of conventional therapies, many

critical issues have been solved using the potential of stem cells resident in adipose

tissue, leading to commercial products. in vitro research has reported that adipose

stem cells are the principal cellular source for reconstructing adipose tissue, ductal

epithelium, and nipple structures. In addition to simple cell injection, construct made

by cells seeded on a suitable biodegradable scaffold is a viable alternative from a

long-term perspective. Preclinical studies on mice and clinical studies, most of which

have reached Phase II, are essential in the commercialization of cellular therapy prod-

ucts. Recent studies have revealed that the enrichment of fat grafting with stromal

vascular fraction cells is a viable alternative to breast reconstruction. Although in the

future, organ-on-a-chip can be envisioned, for the moment researchers are still focus-

ing on therapies that are a long way from regenerating the whole organ, but which

nevertheless prevent complications, such as relapse and loss in terms of morphology.
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1 | INTRODUCTION

1.1 | Macroscopic anatomy

Together with the adipose tissue, the mammary gland contributes the

connective tissue and other minor components, to form the breast.

The mammary gland distinguishes mammals from other animals and

appears as tissue in the shape of a conical disk. It is present in both

females and males, but only reaches complete development in females

(Hassiotou & Geddes, 2013). The breast lies on the deep pectoral

fascia and varies in shape and size. In an adult female, its base extends

vertically from the second or third rib to the sixth rib and, into the

transverse plane, from the sternal edge medially almost to the

midaxillary line laterally. The mammary gland consists of between

15 and 20 lobes immersed in adipose tissue and buried by connective

laminae, organized into a three-dimensional network (Figure 1). Each

lobe, which contains alveoli arranged in bunches, ends in a lactiferous

duct that generally has an independent outlet on the nipple (Figure 1).

Each duct has a dilated portion, the lactiferous sinuses, in which

milk accumulates during lactation. The areola (the disk of skin that
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circles the base of the nipple) contains sebaceous glands, which

increase in size during pregnancy. The nipples are almost conical

prominences containing smooth muscles without adipose tissue posi-

tioned in the center of the areolas. The overall position of the nipples

is related to the stage of pregnancy. A vascularized compact fibro-

adipose tissue surrounds the glands and lactiferous ducts (Gilroy,

Ross, MacPherson, & Gaudio, 2014).

1.2 | Physiology

The development of the mammary gland is based on several stages.

During the lifetime of a female, the adult mammary gland is subjected

to a cyclic expansion due to hormonal changes within the menstrual

cycle, lactation after pregnancy and involution (Hassiotou & Geddes,

2013). The specific function of the gland is to synthetize, secrete and

deliver milk to the infant for his/her nourishment, protection, and

development (Hassiotou & Geddes, 2013). The oxytocin produced in

response to the suckling infant causes the surrounding myoepithelial

cells to contract in order to move the milk through the ductal tree to

reach the nipple (Ercan, van Diest, & Vooijs, 2011).

1.3 | Microscopic anatomy

Multiple cell types make up the mammary tissue: epithelial cells, adi-

pocytes, fibroblasts, vascular cells, immune cells, nerves on the gland

surface, and bipotent mammary stem cells (MaSCs).

The mammary epithelium shows a regenerative potential

supporting the cycle of growth and involution. The epithelial

compartment contains the mammary stem cells (Hassiotou & Geddes,

2013). During puberty, cap cells (multipotent stem cells; Figure 2)

cover the external layer of the bud developing into myoepithelial cells

or luminal epithelials, whereas body cells fill the interior part

(Woodward, 2005).

Adipocytes represent the reservoir of fat needed for the

metabolic process of milk production, and they influence epithelial

growth and mammary epithelium function. In addition, they produce

vascular endothelial growth factors and regulate mammary gland

angiogenesis, thanks to the stromal vascular fraction cells (SVF). The

adipose tissue surrounds the stroma, which is characterized by dense

fibrous connective tissue and contains mesenchymal cells.

Fibroblasts communicate with the epithelium and produce

extracellular matrix components as collagens, proteoglycans, and

fibronectin in addition to enzymes. Hassiotou et al. proved the

possibility of detecting, MaSCs, progenitor cells, mature myoepithelial,

and milk-secretory cells in human breast milk stem cells (Hassiotou &

Geddes, 2013).

The mammary stem cells physiologically experience asymmetric

cell division (Ballard et al., 2015), each subdividing into two daughters;

one of which is identical to the mother and the other starts

committing. This process differs from symmetric cell division, during

which the mother cell two daughters identical to itself.

F IGURE 1 Macroscopic anatomy of an adult female breast; fat
tissue characterizes the majority of the female breast and it embodies
ducts and lobules ending in the nipple

F IGURE 2 Terminal end bud. On the left,

adult mammary duct is characterized by a layer of
cap cells (green), which surrounds body cells (dark
green). Differentiated myoepithelial and luminal
epithelial cells cover the inside of the duct. On the
right, midpregnant mammary gland: Myoepithelial
cells are on the external side of the ducts and
surround the alveolar epithelial cells (red)
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1.4 | Homeostasis

In the mammary gland, homeostasis involves the renewal of somatic

stem cells (basal and luminal). Ballard et al. proved that the binding

between the extracellular signal SLIT2 and the cellular receptor

ROBO1 controls the balance between self-renewal based on

asymmetric cell division and self-renewal based on symmetric cell

division (Ballard et al., 2015). If SLIT2/ROBO1 signaling fails, these

cells tend to undergo symmetric cell division alone.

In the homeostatic process, hormones also play an important role.

For example, the growth hormone, which stimulates the production of

insulin-like growth factor-1 and estrogen (Macias & Hinck, 2012),

controls homeostasis during puberty. Ovulation and the menstrual

cycle then activate the MaSCs thus driving breast development. The

mammary gland is completely remodeled during the pregnancy–

actation cycle, due to the activation of MaSCs by a circulating

hormonal complex, which leads to changes in the ductal system

(Hassiotou & Geddes, 2013). In the final phase, progesterone and

prolactin, two hormones responsible for the differentiation of alveoli

and for the increase in secondary and tertiary ductal branching,

manage gland maturation and alveologenesis (Macias & Hinck, 2012).

1.5 | Spontaneous repair

In the case of damage or malfunction of the mammary's ductal tree,

inflammation and scar formation occur. No studies have yet

demonstrated the restoration of functionality, especially in the case of

severe or extended injuries.

1.6 | Pathologies requiring regenerative therapies

Most breast cancers originate in the terminal duct-lobular unit of the

mammary glands, driven by the activation of oncogenes (HER2) and

the inhibition of tumor-suppressor genes (such as BRCA1, BRCA2,

and p53; Antoniou et al., 2003).

Biochemical (Gudjonsson et al., 2002) and mechanical factors can

also cause tumorigenesis. The atypical presence of stomelysin-3,

around the tumor (Andarawewa et al., 2005), and the loss of the abil-

ity to produce functional laminin 332 (Kwon, Chae, Wilczynski,

Arain, & Carpenter, 2012), a protein that influences cell differentia-

tion, indicate a tumor formation through biochemical factors. On the

other hand, mechanical changes in the tension of the mammary

stroma indicate tumorigenesis due to the presence of mechanical fac-

tors (increased stromal collagen; Provenzano et al., 2008).

Breast cancer tumors are categorized into noncancerous

(fibroadenomas, papilloma), cancerous or malignant (the fifth most

common cause of death due to cancer in women, as reported by the

American Institute for Cancer Research in 2018), and metastatic

cancers, which involve malignant tumor cells spread locally, regionally,

or nearby lymph nodes, tissues, organs, or to the distal districts of

the body.

1.7 | Conventional therapies

Several conventional therapies are currently used both for breast

reconstruction, in the case of tumors, and for breast augmentation.

The most common treatment for both purposes is mastectomy—

total and conservative. The latter consist of skin-sparing mastectomy

and nipple-sparing mastectomy: Both of which are used for tumors

and cosmetic purposes. A total mastectomy removes the entire breast

glandular tissue. The conservative mastectomy spares the healthy skin

envelope with or without the nipple-area complex. A research group

based in Ireland has shown that the remaining skin works as a pocket

to facilitate the reconstruction through prosthesis (O'Halloran,

Courtney, Kerin, & Lowery, 2017). Benson et al. suggested applying

conservative mastectomy to women with a ductal carcinoma in situ,

located at least 2 cm aside the nipple-areola complex (NAC). On the

other hand, where tumors are bigger than 5 cm, patients need to

undergo a total mastectomy (Benson, Dumitru, & Malata, 2016).

A conservative mastectomy is used only in the case of cancer

development and is known as breast-conserving therapy. This

treatment is a valid alternative to mastectomy, for patients with breast

cancer Stages I or II, whose dimension needs to be smaller than 5 cm.

The first step in this procedure, consists in breast conserving surgery,

also known as a lumpectomy, aimed at eradicating the breast cancer.

The second step is based on a controlled dose of radiotherapy to

remove possible microscopic residuals of the tumor. Unlike

mastectomy, breast conserving therapy provides both better esthetic

results and reduced postoperative complications (Rahman, 2011).

The final procedure is autologous fat transfer, also called fat

grafting. This is currently available for both breast reconstruction and

cosmetic purposes. The core of the treatment is to harvest autologous

adipose tissue, usually from the patient's abdomen or thigh and its

consequent centrifugation to eliminate substances, such as lipase,

which prevent the tissue from being viable for use. The processed

tissue is then grafted onto the site of interest. Fat grafting may be a

better alternative to the other therapies mentioned above, because

adipose tissue is biocompatible, easy to obtain, and the procedure is

repeatable and less expensive (Bellini, Grieco, & Raposio, 2017).

1.8 | Critical issues regarding conventional
therapies and an introduction to regenerative
therapies

Synthetic prosthesis has some shortcomings, such as infection of the

surrounding tissues, wound dehiscence, capsular contracture,

variations in shape, dislocation from the implant site, calcification, or

even a further rupture of the prosthesis itself (Galimberti et al., 2017).

In the worst case, the patient requires a replacement of the implant

through additional surgery. A research group based in the United

States showed that almost 60% of patients who underwent breast

conserving therapy, due to breast cancer, needed a re-excision to

remove remaining diseased tissue (Waljee, Hu, Newman, & Alderman,

2008). Moreover, Fajdic and colleagues, reported cases of the local
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recurrence of tumor after treatment (Fajdic, Djurovic, Gotovac, &

Hrgovic, 2013).

Finally, regarding fat transfer, Gentile et al. reported that the

percentage of surviving volume of transplanted tissue with respect to

the injected tissue reached 39%. This means that the adipose tissue

alone cannot naturally maintain the breast volume (Gentile et al.,

2012).

As an alternative to these conventional therapies, O'Halloran and

collaborators showed the increasing interest in using adipose-derived

stem cells (ADSCs) for breast reconstruction and augmentation

(O'Halloran et al., 2017). These cells show a high regenerative

potential and commitment mainly in mature adipocytes, which are

able to maintain the viability of the transplanted adipose tissue and

provide a more natural volume of the mammary gland.

2 | IN VITRO RESEARCH

The need for greater psychological and esthetic benefits has led to

the development of innovative strategies for breast reconstruction

after invasive interventions, such as the mastectomy. Each newly

engineered medical strategy should be modeled in order to predict

the efficacy of the culture approach (Galbusera, Cioffi, & Raimondi,

2008) and then tested in vitro under different controlled conditions.

Below, we summarize the various strategies that have been used in

the development of the first experimental step of in vitro modeling.

2.1 | Cell models

Embryonic stem cells are theoretically beneficial for regenerative ther-

apy as a result of their pluripotential capacity; however because of

ethical and regulatory issues, they have not been used to date.

Research has thus focused on the use of primary adult ADSCs,

especially autologous ones. These are multipotent cells that have been

used since 2001 as a major source of cells with a regenerative

potential, becoming the gold standard for regenerative techniques

and breast tissue engineering (O'Halloran et al., 2017; Sterodimas, de

Faria, Nicaretta, & Pitanguy, 2010).

ADSCs secrete cytokines and growth factors that stimulate tissue

recovery in a paracrine manner. ADSCs modulate the host local

reaction by enhancing differentiation in the endogenous stem cells

along the required lineage pathway. At the same time, they provide

antioxidants, free radical scavengers, and chaperone/heat shock

proteins. As a result, toxic substances released into the injured

environment can be removed thus promoting the recovery of the

surviving cells (Gimble, Katz, & Bunnell, 2007).

There are numerous advantages of using autologous adipocytes:

biocompatibility, versatility, nonimmunogenicity, and minimal donor

site morbidity (Campbell, Hume, & Watson, 2014; O'Halloran et al.,

2017).

ADSCs are collected by the centrifugation of the SVF, the

product of liposuction, previously digested by collagenase. The SVF

contains various cell types such as endothelial precursor cells,

endothelial cells, pluripotent vascular progenitors, macrophages, and

preadipocytes (O'Halloran et al., 2017).

The advantages of SVF composition and the easy harvest method

have led to the development of strategies involving the use of ADSCs

enriched with SVF (Bielli et al., 2014; Bora & Majumdar, 2017;

Sterodimas et al., 2010).

In addition, the adipose tissue is heavily vascularized, providing

vital networks for the normal renewal of the tissue, which thus needs

to be taken into account during tissue regeneration.

Several studies have demonstrated that the interaction between

vascular endothelial growth factor, secreted by ADSCs, and the

endothelial precursor cells, contained in SVF, leads to a more

widespread angiogenesis compared with the use of ADSCs alone,

differentiated in endothelial cells (Liu, Zhuge, & Velazquez, 2009; Suga

et al., 2009).

The main disadvantages of using ADSCs enriched with SVF is

related to SVF's heterogeneous composition, which could lead to

immunological rejection (O'Halloran et al., 2017). Numerous

interactions between adipocytes and epithelial cells are still being

studied, encouraging researchers to use adipocyte–epithelium

cocultures (Wang, Reagan, & Kaplan, 2010).

Several studies in tissue engineering technology have shown that

three-dimensional adipocyte–epithelium cocultures enhance epithelial

cell differentiation, with respect to two-dimensional cocultures. Cell

injection in the implant site is a viable alternative in clinical use;

however, it has some limitations such as the formation of cysts. The

positioning of a construct (cells + scaffold) has thus been studied,

which could improve the benefits of breast regeneration, while

limiting the drawbacks of cell administration alone. Both human

adipose stem cells (hASCs) and epithelial cells involved in these

studies are from human sources and thus can be labeled as primary

cells.

Although the current in vitro research in adipose tissue engineer-

ing has advanced, ADSCs or adipose stem cells (ASCs) mechanisms of

interaction with other physiological cell sources are still not clearly

understood. ADSCs help to repair damaged or failing organs. Such

mechanisms have been studied as in case of cardiac diseases,

endothelial formation mechanisms (with an effective lineage

commitment; Gimble et al., 2007), bone tissue, and cartilage failures

(Strem et al., 2005); however, no studies to date have described how

ADSCs help in the recovery of the mammary gland tissue.

Researchers have also focused on using induced pluripotent stem

cells (iPSCs). This kind of cell source is obtained by converting adult

somatic cells, of autologous origin, to a pluripotent phenotype by

genetic engineering, such as the retroviral transduction of four

specific transcription factors (Oct3/4, Sox2, Klf4, and c-Myc;

Takahashi et al., 2007).

iPSCs are usually obtained from adult fibroblasts or epithelial cells

thus dramatically reducing problems related to the availability of the

donor cellular source. This ability to reprogram somatic cells toward a

pluripotent lineage has dramatically changed in vitro approaches in

the regenerative field. Qu et al. (2017) were the first to develop a
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method to direct “human” iPSCs toward mammary differentiation.

They cultured the cells with the MammoCult medium (Hassiotou

et al., 2012), usually employed to enrich breast stem cells with

nonneural ectoderm ones susceptible for the formation of

mammary-like cells, then directing the human iPSC differentiation

toward the nonneural ectodermal type as a precursor of the desired

tissue formation.

2.2 | Effect of scaffold/matrix on 3-d models

This section focuses on the adipose tissue regeneration. Techniques

consisting in cell injection in injured sites induce retention of the

tissue; thus, researchers have developed in vitro methods on the basis

of cells seeded on a scaffold (O'Halloran et al., 2017; Figure 3).

Mechanical, molecular, structural cues, and scaffold properties are

key (Nava et al., 2015) to maintaining the architecture and the

functionality of this tissue (Nava et al., 2016; Wang et al., 2010) thus

leading to ADSC proliferation and differentiation (Sterodimas et al.,

2010).

For example, Tremolada and colleagues (Tremolada, Palmieri, and

Ricordi, 2010) verified the expansion of hASCs in vitro: 1 g of adipose

tissue provides approximately 5,000 stem cells, which is 500-fold

greater than the yield from the same volume of bone marrow. This

shows that the adipogenesis capability of ASCs is greater than the

other differentiation lineages when supported by a suitable 3-D

scaffold.

The choice of scaffold is thus fundamental for the success of the

related regenerative therapies and for the analysis of the cell types.

Examination of the types of scaffold is essential in order to get the

best results from in vitro analyses.

Good scaffolds, engineered for constructing synthetic adipose tis-

sue, require biocompatibility, degradability, noncytotoxic byproduct

formation, and soft tissue mechanical properties, which provide the

correct vascularization. Many research teams have thus studied

natural, synthetic, and biological scaffolds (Table 1).

Collagen, alginate, silk, gelatin, and hyaluronic acid derivatives are

suitable natural materials for use as scaffolds for mammary gland

tissue regeneration (O'Halloran et al., 2017; Zhu & Nelson, 2013).

Collagen gels have been used as a 3-D matrix on which preadipocytes

were placed in a coculture with human autologous mammary

epithelial cells (Wang et al., 2010). For example, researchers seeded a

coculture of nonmalignant human epithelial cell lines (MCF10A) and

predifferentiated hASCs, which were embedded in Matrigel and a 3-D

porous collagen scaffold (O'Halloran et al., 2017; Wang et al., 2009;

Wang et al., 2010). They verified that the presence of hASCs

increased both alveolar and ductal morphogenesis, also inhibiting

epithelial cell proliferation. This was done in order to propose a

regeneration therapy for restoring all the various types of tissue that

make up the breast. In contrast to cocultures, Wang et al. (2009) also

showed that monocultures can only regenerate the alveolar

structures, which led to the analysis of cocultures.

Yao, Zhang, Lin, and Luan (2013) verified that collagen/alginate

microspheres were suitable for ADSC encapsulation and delivery.

After 4 weeks of using an adipogenic differentiation medium, from a

macroscopic point of view, the microspheres were similar to the

adipose tissue lobules. 3-D silk scaffolds with hASCs and human

umbilical vein endothelial cell cocultures depict human vascularized

adipose tissue (Kang, Gimble, & Kaplan, 2009). Silk has a controllable

degradation time, thanks to which it is possible to enhance

neovascularization and prevent premature loss of nutrient transport

through the matrices, which may lead to necrotic areas. This latter

issue must be taken into account in choosing the best scaffold to

degrade with a suitable kinetics mechanism.

A 2010 study used gelatin sponge scaffolds onto which human

mammary stem cells were seeded. Thanks to the adipogenic

differentiation medium, the authors observed the accumulation and

expansion of lipid droplets (Wang et al., 2010).

F IGURE 3 Bioengineered graft:
isolation and differentiation of adipocytes
from adipose tissue, cells seeding on a
scaffold and suitable stimulations of the

construct. The dotted line traces a
possible orthotopic implantation, which
does not strictly concern in vitro models,
but regards clinical trials. bFGF, basic
fibroblast growth factor; hASCs, human
adipose stem cells; SVF, stromal vascular
fraction
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Polylactic acid, polyglycolic acid, polyethylene terephthalate,

polylactic-co-glycolic acid, polyurethane, and polycaprolactone are

suitable synthetic materials for mammary gland tissue regeneration

(Zhu & Nelson, 2013). These kinds of scaffolds, with adipogenic

stimulants, have shown significant adipogenic transcript levels and

substantial lipid accumulation, which unfortunately decreases in vivo

(Zhu & Nelson, 2013).

Adipose decellularized extracellular matrix is the key ingredient

for biological scaffolds. This type of scaffold has suitable biological

properties and an excellent maintenance of its 3-D architecture and

biochemical composition, after decellularization.

Mature adipocytes were analyzed for 8 weeks after seeding

within a decellularized human placenta scaffold. The results were pos-

itive; however, this procedure is expensive and time-consuming

(Flynn, Prestwich, Semple, & Woodhouse, 2009).

The production of the three categories of scaffolds described

above is based on different techniques: 3-D printing, sponge,

hydrogel, and microbeads (O'Halloran et al., 2017). O'Halloran, Dolan,

Kerin, Lowery, and Duffy (2018) concentrated on the characterization

of biological, synthetic, and natural hydrogels because of their

potential in regenerative therapies due to their particular characteris-

tics. Hydrogels are 3-D cross-linked hydrophilic networks that absorb

TABLE 1 Classification of different scaffolds based on features, production techniques

Class of materials Materials Scaffold production Advantages Issues

Natural materials

Similar properties to ECM,

features can be modified

by cross-linking,

biocompatibility and

good cell attachment and

proliferation

Collagen Injectable, microbeads,

sponges, hydrogels

ASC differentiation and

vascularization; possible

addition of growth

factors, modifiable

porosity

Fast degradation, low

mechanical properties

Hyaluronic acid

derivatives

Hydrogels, sponges Good differentiation of

adipocytes

Expensive

Silk Hydrogels, disks, thin films,

sponges, tubes

Good mechanical properties,

low immunogenicity,

possible expression of

growth factors and

angiogenic factors

Unknown characteristics of

degradation products

Gelatin Hydrogels, bioprinting,

sponges

Good incorporation in

natural tissue, possible

addition of growth

factors, usable together

with other scaffolds

Fast degradation, low

mechanical properties

Synthetic materials

Chemical and mechanical

properties can be

modified and have a

good reproducibility

PLGA 3-D printing, hydrogels,

sponges, injectable

spheres

Biodegradable Inflammation due to

degradation products;

short degradation time

PCL 3-D printing, electrospun

meshes, sponges

Suitable mechanical

properties; angiogenesis

in ASC-seeded and

ASC-unseeded constructs

Degradation time not well

controlled; limitation in

mammary cell attachment

because of hydrophobicity

Polyurethane Sponges Elastic and possible good

angiogenesis and

adipogenesis

Issues with in vivo

transplant

Polypropylene Meshes Biocompatibility Not well absorbed

Polylactic acid Sponges Good mechanical properties Degradation time too fast

PEG Hydrogels Water degradable,

promotion of adipose

tissue regeneration

Low mechanical properties,

need for cross-linking

Biological materials

Biological properties of

ECM kept intact and

decellularized adipose

tissue leads to adipogenic

differentiation without

supplementation of

differentiation factors

Adipose-decellularized

ECM

Bioprinting, hydrogels,

injectable microparticles,

3-D printing

ECM provides right

microenvironment for

cells; well-maintained 3-D

architecture also after

decellularization

Not mass-producible;

technique is difficult and

time-consuming

Note. The same production techniques can be used for more than one type of material. The pros and cons of each scaffold material are summarized

(O'Halloran et al., 2017; O'Halloran et al., 2018).

Abbreviations: ASC, adipose stem cells; ECM, extracellular matrix; PCL, polycaprolactone; PEG, poly (ethylene)glycol; PLGA, polylactic-co-glycolic acid.

CONCI ET AL.374



and maintain large quantities of fluids and incorporate live cells. In

porous hydrogels, the pore dimension and density of porosity influ-

ence vascularization (Eghbali et al., 2017), which is needed for a real

regenerative implantable adipose tissue; within nonporous hydrogels,

degradation rate determines the correct vascularization. A study

reported by O'Halloran and colleagues showed poly (ethylene)glycol

diacrylate to create a hydrogel, which encapsulated bone marrow

mesenchymal stem cells differentiated in an adipogenic medium.

in vitro results were positive and demonstrated the presence of

mature adipocytes after 4 weeks.

Another possibility, from a tissue model perspective, consists in

using several types of scaffolds joined together in order to both maxi-

mize their advantages and minimize their criticalities.

Mauney et al. (2007) studied the potential of collagen and poly-

lactic acid matrices, which can support adipogenesis in culture and

also showed promising behavior in vivo. Other studies have also veri-

fied adipose tissue regeneration by both synthetic and natural scaf-

folds. Synthetic scaffolds guarantee the precise control of the material

properties, whereas natural scaffolds have better biocompatibility and

degradation features (Zhu & Nelson, 2013).

Not only has adipose tissue regeneration been studied on biologi-

cal scaffolds. Pashos et al. (2017) described a tissue-engineering

approach for nipple-areola complex reconstruction. They dec-

ellularized a whole donor NAC, maintaining the extracellular matrix

structure unaltered (Figure 4). They found that the scaffold

maintained good properties, which had a nonimmunogenic structure

and the same micro architecture as a native NAC. The decellularized

NAC also maintained the cell adhesion molecules (fibronectin and

laminin). They employed their own protocol to conduct the study

decellularizing the NAC tissues of rhesus macaque (Pashos et al.,

2017).

They then conducted several analyses: genomic DNA, fragment

and histological analysis and protein, GAGs, collagen, and elastin

quantification. These produced good results in terms of efficient

cell removal, DNA content reduction, and preservation of collagen

fiber patterns. Lastly, they seeded the scaffold with bone marrow-

derived mesenchymal stem cells. They then have out proliferation

and apoptosis analyses, demonstrating the bioactivity of the scaf-

fold with cells migrating into the deeper portion in 7 days. In this

time period, the cells were able to survive and proliferate; however,

further in vivo studies are needed to prove the neovascularization

process itself.

Finally, considering human iPSCs, Qu et al. (2017) employed a

floating mixed Matrigel/Collagen I gel to embed human iPSC

embryoid-derived bodies. Collagen I was included in the 3-D culture,

due to the stiffness resembling that present in the normal mammary

gland. The resulting alveolar structures observed in this 3-D culture

expressed breast, luminal, and basal markers, suggesting that

mammary-like cells are induced to differentiate. The results suggested

mammary-like differentiation from human iPSCs.

Despite the numerous advantages listed above, the principal

limitation regarding adipose tissue regeneration in breast recon-

struction is the difficulty of generating sufficient tissue volume to

recreate the breast mound postmastectomy (O'Halloran et al.,

2018).

2.3 | Whole organ models

Due to the multiple cell types of the mammary gland, the major chal-

lenge is coculturing the epithelial cells, fibroblasts, endothelial cells,

and adipocytes into a suitable matrix scaffold. Microfabrication

approaches could lead then to the regeneration of a more complete

mammary gland structure (Zhu & Nelson, 2013).

Organ-on-a-chip platforms have been described in the literature,

but for the sole purpose of studying the mammary gland and related

F IGURE 4 Nipple-Areola Complex (NAC)
Reconstruction. First the NAC is collected (either
from a donor or the patient, while for the in vitro
model, the rhesus macaque NAC was used). The
NAC is then decellularized. The next steps (dashed
arrows) are the NAC insertion in the patient and
the cell migration within the graft
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breast cancer development (Campbell et al., 2014; Campbell, Hume,

et al., 2014).

For example, a combination of adipose tissue engineering and

microfabrication techniques has been proposed to build up a 3-D

engineered epithelium aimed at mimicking the physiological duct

structure of the breast. The researchers started seeding preadipocyte

in a collagen gel, in which they generated cavities using a stamp. They

then induced the preadipocytes differentiation. Finally, epithelial cells

covering the cavities formed tubules. They used this model to study

gene expression, the mechanical stress profile during branching mor-

phogenesis, and the consequences of a host microenvironment

(Zhu & Nelson, 2013).

Future perspectives could focus on the potential of organ-on-a-

chip or a staminal niche (Raimondi et al., 2013) (to expand stem cells

in vitro); however, researchers are still far from regenerating the

whole organ architecture in vitro.

3 | PRECLINICAL TRIALS

Animal models can represent human tissue and physiology; however,

the efficacy and safety of newly developed strategies need to be dem-

onstrated before clinical trials can occur. Preclinical inspections are

thus mandatory (required by European law) on all human-pledged

drugs or cellular therapy products.

This section describes the potential of ADSCs to provide new

adipogenesis and vasculogenesis, the oncological risks that entail

examining the interaction between breast cancer cells, and fat grafting

enriched with ADSCs.

3.1 | ADSC effects on fat grafts

Autologous fat grafting is a well-known technique for breast

reconstruction; however, recent studies have reported reabsorption

rates from 40% to 60% of the injected volume. Much of the volume

loss is probably due to inadequate vascularization and to intolerance

of the fat tissue to hypoxia (Tsuji et al., 2018). In addition, ADSCs are

suspected of supporting the growth and the progression of tumors,

which could increase the risk of breast cancer recurrence (Schweizer

et al., 2015).

To investigate the effects of ADSCs on fat grafts, Jiang, Li,

Duan, Dong, and Wang (2015) carried out animal experiments in

which different techniques were used on 18 mice in the following

groups: control, ADSCs, and ADSCs + basic fibroblast growth factor

(bFGF) method. Mice in the control group were injected with 2 ml

of aspirated fat and 0.1-ml medium directly. Mice in the second

group were coinjected with a mixture containing 1 × 106 ADSCs

with 2 ml of aspirated fat treated in 0.1-ml medium. Mice in the

third group were injected with a blend of 106 ADSCs with 2 ml of

isolated aspirated fat and 100-U bFGF. The aspirated fat and

ADSCs were isolated by liposuction from six healthy female human

donors. The fat was injected subcutaneously into the mouse's back

and, after 12 weeks, each fat graft was weighed, and the volume

was measured in order to calculate the survival ratio of transplanted

fat using the following formula: survived volume/previous

volume (2 ml).

The results demonstrated that the weight and survival ratio in

ADSCs and ADSCs + bFGF-treated fat grafts were significantly higher

than the control group (Figures 5 and 6).

Jiang's study demonstrated that ADSC treatment improves fat

graft survival and fat integration. In particular, ADSCs + bFGF

treatment had the best beneficial effect on the fat graft weight and

survival ratio due to the ability of bFGF to modulate stem cell

self-renewal, differentiation, and survival.

3.2 | ADSC effects on breast cancer cells

To study the risk of tumor formation and cancer metastasis, (Sun

et al., 2009) transplanted breast cancer cell lines (MDA-MB-231) with

and without ADSCs into two different mouse groups. The researchers

F IGURE 5 Weight in different fat grafts. *p < .01 versus the
control group; **p < .05 versus ADSCs group, (Jiang et al., 2015).

ADSCs, adipose-derived stem cells; bFGF, basic fibroblast growth
factor

F IGURE 6 Survival ratio in different fat grafts. *p < .01 versus the
control group; **p < .05 versus ADSCs group, (Jiang et al., 2015).
ADSCs, adipose-derived stem cells; bFGF, basic fibroblast growth
factor
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isolated ADSCs from fresh human mammary fat tissue: The samples

were harvested from women who underwent surgery for cosmetic

reasons.

First, they injected 2 × 106 MDA-MB-231 cells into the

mammary fat pad of nonobese, diabetic immunodeficient mice, and

after 22 days, they computed the tumor volume as V = length�width2
2 .

On Day 22, the authors performed an intravenous injection of 106

human ADSCs in one of the groups. After 2 weeks, they calculated

the dimension of the tumor in both groups, and the comparison of the

results illustrated that the volume of cancer cells coadministered with

ADSCs was significantly lower than the one with the MDA-MBI-231

cells alone. ADSCs were thus capable of inhibiting the growth of

MDA-MB-231 by inducing their apoptosis. Because ADSCs may also

promote angiogenesis, which can potentiate breast cancer cell

metastasis, the authors measured the numbers of lung metastases in

both groups. The number of lung metastases was reduced by 50% in

the group in which ADSCs were injected. The researchers also

analyzed the effects of ADSCs in the early stage of breast cancer, and

the results showed that human ADSCs were able to inhibit tumor

formation and progression in the group where these cells had been

injected. However, these cell interactions did not show a comparable

effect when ADSCs were administered intravenously in the mice (Sun

et al., 2009).

To examine the interaction between breast cancer cells and the

fat grafting enriched with ADSCs, (Rowan et al., 2014) performed

xenograft procedures in which 15 mice were divided in three groups

(n = 5 mice/group) by injecting either 3 × 106 MDA-MB-231 human

breast cancer cells, 3 × 106 ADSCs, or MDA-MB-231 human breast

cancer cells + ADSCs in 150 μl of phosphate-buffered saline Matrigel

mixture (50-μl cell suspension in phosphate-buffered saline was mixed

with 100 μl of Matrigel) orthotopically and bilaterally into the inguinal

mammary fat pads of mice.

ADSCs were isolated from the abdominal lipoaspirates from three

female human donors with three different body mass indexes (BMI).

However, MDA-MB-231 human breast cancer cells represent a model

of “triple negative” breast cancer in patients, a more aggressive and

metastatic breast cancer subtype. In all experiments, tumor

measurements were taken twice a week.

The results showed that coinjection of BMI 25 ADSCs with

MDA-MB-231 cells did not alter the primary tumor volume up to

40 days postinjection with tumor sizes that were comparable with

MDA-MB-231 alone tumors (Figure 7). However, coinjection of

ADSCs from the BMI 18.3 donor with MDA-MB-231 stimulated the

growth of the tumors (Figure 8).

The presence of a significant donor-dependent effect on the abil-

ity of ADSCs to stimulate primary MDA-MB-231 tumor growth was

demonstrated; however, why this may be a crucial parameter for pos-

sible differentiation of the tumor cells is still unknown.

Tsuji and collaborators (Tsuji et al., 2018) applied two different

approaches to model the interaction between tumor cells and fat

grafting. In both approaches, the authors used MDA-MB-231 cancer

cells and subcutaneously injected the fat grafts into the mammary

fat pads of immune deficient mice and harvested the specimen

6 weeks postimplantation. In the first approach, the tumor cells

were seeded into human fat grafts; in addition, Matrigel made up of

only cancer cells was injected as a positive control. In the second

approach, a simulation of breast reconstruction was carried out by

injecting, into the same site, 100 μl of human adipose tissue,

2 weeks after the cancer cells had engrafted. Using regression anal-

ysis on the excised samples, results illustrated the survival of tumor

cells in the fat graft. However, autologous fat grafts are not a favor-

able environment for the growth of breast cancer cells; in fact,

ADSCs with MDA-MB-231 decreased the proliferation of the tumor

and increased fibrosis. Thus, ADSCs may even have a repressive

effect on tumor-cell proliferation.

Table 2 summarizes the experimental studies conducted on

ADSCs when these cells are coinjected in fat grafts together with the

interactions between breast cancer cells and ADSCs. These studies

revealed that ADSCs have the capacity to improve the long-term

F IGURE 7 3 × 106 human MDA-MB-231 breast cancer cell lines
were injected subcutaneously into the mammary fat pads with or
without 3 × 106 human ASC cells from a donor with a body mass
index of 25. *p < .05, (Rowan et al., 2014). ASC, adipose stem cells;
BMI, body mass index

F IGURE 8 3 × 106 human MDA-MB-231 breast cancer cell lines
were injected subcutaneously into the mammary fat pads with or
without 3 × 106 human ASC cells from a donor with a body mass of
18.3. *p < .05, (Rowan et al., 2014). ASC, adipose stem cells; BMI,
body mass index
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retention of the grafts by reducing the reabsorption rate. However,

the interaction between the breast cancer cells and the fat grafting

enriched with ADSCs showed contradictory results, displaying both

cancer-suppressing and also cancer-promoting effects.

The investigation into the possible growth of the tumor due to

the combination with ADSCs is still a great debate. Many factors and

variables are possibly involved. According to Sun and colleagues,

ADSCs seemed to have no effect when administered intravenously

after the transplantation of cancer cells (Sun et al., 2009). Other fac-

tors could be the weight of the patients; thus, future studies using

multiple donors with different BMIs will be able to determine whether

donor BMI has an impact on the effects of ASCs on tumor growth

(Rowan et al., 2014).

Although clinical trials have been carried out on the use of fat

grafting combined with ADSCs, the data on the influence of

ADSCs on breast cancer cells are still contrasting (Schweizer et al.,

2015).

4 | CLINICAL TRIALS

This section focuses on the results of six clinical trials (Table 3) on

patients who underwent regenerative therapies essentially based on

cell-assisted lipotransfer procedures, instead of conventional treat-

ments, such as mastectomy, breast conserving therapy, and pure

autologous fat grafting.

In the cell-assisted lipotransfer method (Figure 9), which is per-

formed in all the trials mentioned below, fat is enriched with ADSCs,

contained in the SVF or with platelet-rich plasma, obtained after enzy-

matic digestion of fat or after cell culture, to improve the fat survival

rate. In all the alternative treatments, fat grafting works only as a dec-

ellularized scaffold, on which cells are seeded, as described in the

section related to in vitro and animal trials.

All these clinical trials suggest that ADSCs can survive without

undergoing postsurgery hypoxia, which is thought to result in the

necrosis of a conventional fat graft (Khouri et al., 2014). This

TABLE 2 In Vivo experiments studying the potential of ADSCs when coinjected in fat grafts and the effects of ADSCs on breast cancer

Reference

Study

model Regeneration Strategy Cells Benefits Risks Therapy for

(Jiang et al.,

2015)

Mice Fat graft enriched with

ADSCs and enriched

with ADSCs+bFGF

ADSCs from human

lipoaspirates and bFGF

Weight of the

graft "
Survival ratio

for graft"

None Breast

augmentation

(Tsuji et al.,

2018)

Mice Fat graft enriched with

ADSCs

ADSCs from human

lipoaspirates

MDA-MB-231, BT-474

breast cancer cells

Tumor growth#
Angiogenesis "

None Breast

augmentation

after

mastectomy

(Rowan et al.,

2014)

Mice Fat graft enriched with

ADSCs

ADSCs from human

lipoaspirates

MDA-MB-231 breast

cancer cells

Tumor growth

$ if BMI = 25.0

Tumor growth $
if BMI=18.3

Breast

augmentation

after

mastectomy

(Orecchioni et

al., 2013)

Mice Fat graft enriched with

ADSCs

ADSCs from human

lipoaspirates

HCC1937,

MDA-MB-436,

ZR75-1 breast cancer

cells

None Tumor growth

"Metastatic

spread "EMT "

Breast

augmentation

after

mastectomy

(Martin-Padura

et al., 2012)

Mice Fat graft enriched with

ADSCs

Murine whole fat

HMT-3522 S3

(preinvasive),

HMT-3522 T4-2

(invasive) MDA-MB-231

breast cancer cells

Angiogenesis " Tumor growth

"Metastatic

Spread "

Breast

augmentation

after

mastectomy

(Zimmerlin et

al., 2011)

Mice Fat graft enriched with

ADSCs

Human abdominal whole

fat Human MPE breast

cancer cells

None Tumor growth"
(active cells,

but not resting

cells)

Breast

augmentation

after

mastectomy

(Sun et al.,

2009)

Mice Fat graft enriched with

ADSCs

Human breast whole fat

MDA-MB-231 breast

cancer cells

Tumor growth#
Metastatic

spread#
No early carcinogenesis

improvement

None Breast

augmentation

after

mastectomy

Abbreviations: ADSCs, adipose-derived stem cells; BMI, body mass index; bFGF, basic fibroblast growth factor.
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provides the scientific rationale for the use of these procedures in

breast surgery and consequently makes these techniques key in the

repertoire of techniques available to surgeons (Yoshimura et al.,

2008). All the reported trials have a common primary objective,

which consists in breast reconstruction or augmentation and, as

secondary objective, esthetic improvement. In each trial, patients

signed an informed consent regarding “the aims, methods, sources

of funding, any possible conflicts of interest, institutional affiliations

of the researchers, the anticipated benefits, and potential risks”

(i.e., tumor induction) of the study and the discomfort it may

derive, according to the Declaration of Helsinki emanated by the

World Medical Association (“World Medical Association Declaration

of Helsinki”, 2013).

In the following section, three significant clinical trials are

reported; all of which should be considered as an attempt to find a

solution to the disadvantages of each of the conventional therapies

mentioned above.

4.1 | Fat graft enrichment with SVF cells

In the context of fat graft enrichment, Yoshimura et al. analyzed

15 patients in a clinical single-arm trial that reached Phase II. After

breast implant removal, a cell-assisted lipotransfer was carried out,

based on the injection, into one single breast, of 264 ml of autologous

adipose tissue extracted from the abdomen or thighs enhanced with

9.7 ± 1.7 × 107 stem cells (SVF) per liter of tissue, isolated, expanded,

and seeded in the fat graft (Yoshimura et al., 2006).

One quantitative parameter used to verify the efficacy of this

therapy is the surviving fat volume, after a 1-year follow-up (ε[mL]),

calculated as Equation (1):

ε =Vremoved implant +Vpostoperative breast−Vpreoperative breast ð1Þ

Yoshimura et al. used three-dimensional measurement tools to

quantify each volume of the expression above. The outcomes

(Figure 10) show that the average surviving volume of the

transplanted adipose tissue in the right breast varies during the

follow-up. In the first 5 weeks, there is a gradual absorption of fat,

whereas in the remaining period, the volume decreases slightly,

reaching 155 ± 50 ml, more than half of the injected adipose

tissue.

No calcifications and microcalcifications were observed. In

conclusion, these results suggest that the enrichment of fat grafting

with SVF cells, in a cell-assisted lipotransfer, may not be a safe and

effective treatment, but might also be a suitable alternative to the

breast reconstruction or augmentation (Yoshimura et al., 2010).

Considering grafts enhanced with SVF, another research group

based in Italy (University of Rome “Tor Vergata”) carried out a

F IGURE 9 Cell assisted lipotransfer
procedure: harvested fat is separated from the
donor (the most common sites are the lower
abdomen and inner thigh) and processed in one
part (lipoaspirate) that is used as lipofilling and in
another that is digested by enzymes in order to
isolate stem cells (stromal vascular fraction, SVF)
and expand them. Fat is then enriched with SVF
or platelet-rich plasma (PRP)

F IGURE 10 Average trend and standard deviation of the
remaining fat volume for the right breast in a follow-up period of
12 months. This parameter takes into account the volume of the
removed prosthesis and the variations in breast volume (Yoshimura
et al., 2006)
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clinical trial, first in Phase I and then in Phase II, in order to exam-

ine the defects of breast tissue, maintaining the natural volume of

the mammary gland as much as possible (Gentile et al., 2012). Gen-

tile et al. compared the effects of the conventional transplantation

of only autologous centrifuged fat tissue (200 ml of harvested fat

tissue: control group named A) with alternative treatments:

SVF-enhanced fat grafting (200 ml of harvested fat tissue enriched

with 5 × 104 stem cells per mL of tissue, group named B) and fat

grafting with platelet-rich plasma (200 ml of harvested fat tissue

enriched with 0.5 ml of platelet-rich plasma per milliliter tissue,

group named C). The authors investigated the outcomes of the trial

by evaluating the percentage of the remaining volume of

transplanted tissue with respect to the injected one, after a 1-year

follow-up. The results were analyzed by MRI imaging and are

reported in Figure 12. Patients in groups B and C presented a

relative percentage of 63% and 69% of the surviving fat volume,

respectively. These values are successful compared with the 39%

of remaining volume of patients who underwent the conventional

therapy (Figure 11).

This clinical trial also shows only a minimal loss of adipose tissue

and the absence of calcifications; only in one case was a small cyst

and microcalcification found (Gentile et al., 2012).

4.2 | Fat graft enrichment with autologous ADSCs

In terms of autologous ADSCs, Pérez-Cano et al. conducted a

prospective, multicenter single-arm clinical trial that reached Phase II

on 67 patients, who presented volume losses after breast conserving

therapy. The main goal of this trial was essentially the same as the

previous one, namely, the treatment of breast tissue defects in order

to at least obtain a natural breast volume. The research group

proposed the injection, in each breast, of 140 ml of autologous

adipose tissue, enriched with 22.95 × 105 of adipose-derived

regenerative cells per milliliter of harvested fat tissue with respect to

a total lipoaspirate harvesting of 364 ml. At midfollow-up (the 6th and

12th months), postoperative images reported that the breast tissue

had remained stable in terms of the absence of exterior deformities.

In addition, MRI images confirmed the improvement of the breast

contour in 54 patients. Local cancer did not recur nor new diseases

develop in any of the analyzed cases, which suggests the safety of the

treatment (Pérez-Cano et al., 2012).

All the clinical trials reported in Table 3 reached Phase II, except

for the study conducted by a research group based in Italy. Through a

randomized placebo-controlled trial (Phase III), Domenis and

collaborators, using lipotransfer techniques for breast reconstruction,

concluded that autologous fat grafts enriched with cells could

significantly contribute to the long-term preservation of the

transplanted adipose tissue. The cell-assisted techniques used by

Domenis, to apply the regenerative treatment, are also currently

available on the market (Phase IV; Domenis et al., 2015).

In terms of safety and efficacy (Phase I), all these preliminary

procedures have had good results; however, additional trials with

longer follow-up periods are essential for the evaluation of the

possible risks introduced by these methods in several clinical

circumstances.

5 | COMMERCIAL PRODUCTS

With regards to regenerative therapies for breast reconstruction

and/or augmentation, three devices are currently available on

the market: Celution® 800/CRS, LipoKit II, and Fastem Coris

(Table 4).

The common procedure is based on the harvesting (liposuction)

and centrifugation of autologous fat tissue, from which ADSCs are

separated and extracted. The harvested cells are then expanded in

specific culture conditions. Lastly, cells are seeded on the harvested

adipose tissue, which is grafted on the patient's adipose tissue. Once

in situ, cells start committing.

F IGURE 11 Trend of the remaining fat volume in a 1-year follow-
up. The fat grafting with platelet-rich plasma shows the best
performance with respect to conventional fat grafting and enriched
SVF fat grafting (Gentile et al., 2012). PRP, platelet-rich plasma; SVF,
stromal vascular fraction

F IGURE 12 Number of colony-forming units: comparison
between adipose tissue alone and adipose tissue enriched with stem
cells through three commercial devices (Domenis et al., 2015)
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There are two main differences between the three devices: first,

the method whereby stem cells get isolated from the tissue allowing

them to aggregate in colony-forming units; and second, the cell

lineages toward which primitive cells commit. As regards the first

method, Celution® 800/CRS and LipoKit II use an enzymatic

separation of the SVF cells, whereas the Fastem Coris technique

involves a mechanical procedure to carry out the same goal.

Concerning the second method, Celution® 800/CRS allows cells to

commit into adipocytes, epithelial cells, and muscle cells, LipoKit II

enables differentiation into adipocytes, and the Fastem Coris

technique does not allow significant commitment of cells, which tend

to maintain a stable stemness phenotype.

Due to all these nonminimal manipulations (such as cells

extraction and manipulation), these techniques are a feasible cellular

therapy product alternative to conventional therapies, such as

lipofilling (Figure 12).

A commonly employed parameter to quantify the efficacy of each

system is the number of colony-forming unit cells: an index of cell

viability and an ability to differentiate (Domenis et al., 2015).

As reported in Figure 12, Celution® 800/CRS and LipoKit-II-

enriched lipoaspirates are characterized by a higher number of

colony-forming unit cells, which is not so evident for the Fastem

procedure.

6 | CONCLUSIONS AND FUTURE
PERSPECTIVES

The aim of regenerative medicine applied to breast tissue engineering

is to overcome the main criticalities experienced with conventional

therapies (mastectomy, breast conserving therapy, and lipofilling),

regenerating fat tissue in the breast and improving the esthetic out-

come (Visscher et al., 2017). To overcome the side effects of the stan-

dard treatments, a combination of lipofilling with tissue engineering

has become a promising new technique.

Owing to the presence of multiple cell types in the breast tissue,

mammary gland regeneration is quite complex. Although devices that

exploit regenerative strategies are available on the market, the

existing techniques are constantly being improved.

The key factor is the use of scaffolds, either biodegradable or

integrated with the host tissue, to support cell growth until the

formation of a stable and mature tissue.

In vitro models verify the importance of different cellular sources

to regenerate both adipose and epithelial tissues. ADSCs have several

advantages over other sources of stemness. They provide an

accessible and easily available source of multipotent stem cells, and

their harvest procedure is repeatable and safe, thanks to the negligible

morbidity. Their capacity to differentiate both into adipocytes and

epithelial cells makes them important for future applications in this

field. Further studies are needed to verify the safety and efficacy of

cells derived from ADSCs, before reaching preclinical and then clinical

trials (Zhu & Nelson, 2013).

Finally, human iPSCs could be a promising cellular source. They

are obtained by converting adult somatic cells of autologous origin,

into pluripotent stem cells (Takahashi et al., 2007). This thus avoids

ethical and technological controversies that hinder the application of

human embryonic stem cells. A recent promising study demonstrated

the possibility of obtaining mammary-like cells and organoids from

human iPSCs (Qu et al., 2017). Future research by this group will

further examine the effects of growth factors on iPSC differentiation

TABLE 4 Commercial products mainly for breast reconstruction and augmentation

Reference

Product

name Company Country Regeneration therapy Main uses

(Domenis et al., 2015) http://

www.cytori.com

Celution®

800/CRS

Cytori

Therapeutics

Inc.

Deeside, UK Autologous fat grafting enriched with

autologous ADSCs; Enzymatic

isolation of ADSCs

Filler in breast

augmentation;

Aesthetic body

contouring;

Breast

reconstruction;

Preservation of

breast function

(Domenis et al., 2015) http://

www.medikanint.com

LipoKit II Medikan

International

Inc.

Pusan, Korea Autologous fat grafting enriched with

autologous ADSCs; Enzymatic

isolation of ADSCs

Filler in breast

augmentation;

Aesthetic body

contouring;

Breast

reconstruction

[Domenis et al., 2015] Fastem

Corios

CORIOS Soc.

Coop

San Giuliano

Milanese, Italy

Autologous fat grafting enriched with

autologous ADSCs; Mechanical

isolation of ADSCs

Filler in breast

augmentation;

Esthetic body

contouring;

Breast

reconstruction

Abbreviation: ADSCs, adipose-derived stem cells.
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into mammary cells to refine the generation of a two-layer mammary

ductal structure. However, the research work is still in the in vitro

phase; thus, many other studies are required before obtaining

preclinical models. Moreover, criticalities related to the teratoma

formation after reinfusion of differentiated cells from iPSCs need to

be examined.

Many scaffolds have shown suitable properties as found in

in vitro research. The main advantage of this strategy is that

biomaterials already approved by the Food and Drug Administration,

or other regulatory organisms (e.g., European Medicines Agency), can

be adapted to create brand new cellularized constructs, which would

speed up the development of all trials up to the commercialization

phase (Jewell, Daunch, Bengtson, & Mortarino, 2015; Visscher et al.,

2017).

It is worth noting that the principal purpose is not to replicate the

physical structure, but rather promoting tissue regeneration by

designing a customized scaffold architecture and using the patient's

body as a bioreactor.

Adipose tissue has a high metabolic function; thus, the energy

demand needs to be met, preventing any necrosis and volume loss

caused by lipofilling procedures. The challenge is to develop new

techniques involving customized scaffolds that can induce the

vascular network, which can satisfy the adipose tissue

metabolic demand, before the injection of the lipoaspirate (Visscher

et al., 2017).

Among the scaffold-based techniques, the fact that injectable

hydrogels can be injected through minimally invasive techniques

makes them an important option.

Various preclinical studies state that the use of an autologous fat

graft enriched with ADSCs may improve the efficacy of fat transplan-

tation. The results demonstrated that ADSCs promote vasculogenesis,

angiogenesis, and blood vessel remodeling. Several angiogenic factors

have the ability to stimulate microvascular endothelial cell prolifera-

tion thus promoting angiogenesis (Pérez-Cano et al., 2012).

In addition, other studies have combined an autologous fat graft

enriched with ADSCs and bFGF. The results highlighted that

bFGF-treated fat grafts improve the survival rate, vascularization, and

angiogenic factor expression compared with grafts enriched with

ADSCs only. The outcomes indicate that bFGF together with ADSCs

can improve the efficacy of autologous fat transplantation and

increase blood vessel generation involved in the benefits from bFGF

(Jiang et al., 2015).

First, new regenerative techniques need to take into

consideration the patient's safety, preventing regrowth of the tumor.

Animal trials mostly focus on the interaction between the fat tissue

and breast cancer cells because the relationship is still not well

understood, and the results of these studies are sometimes not in

agreement with clinical data. On the assumption of the worst-case

scenario of breast cancer cells left in situ, a fat graft injection post

mastectomy has been modeled in rodents, which showed that the

autologous fat graft is not a supportive environment for the growth

of breast cancer cells. Although cancer cells survive and proliferate

in fat grafts, the results indicate that fat grafting did not accelerate

cancer cell proliferation and decreased the number of live tumor

cells (Tsuji et al., 2018). Contradictory results on the other hand,

have shown that human ADSCs harvested from patients with a

body mass index of 18.3, and injected subcutaneously into the

mammary fat pad of mice, promoted the growth and proliferation of

breast cancer cells; thus, the weight of the patient can be a factor

for cancer-promoting effects. Further studies, using different BMIs,

are needed to study the effect of ADSCs on tumor growth (Rowan

et al., 2014).

Despite the occasional unsatisfactory results obtained in

preclinical trials, some regenerative strategies reach the stage of

human trials, most using the stromal vascular fraction to enrich

autologous fat tissue (e-SVF). The common target of these procedures

is the long-term assessment of the actual effects of SVF cells on fat

graft volume retention and its maintenance.

Optimal results have been obtained, in particular for the

enrichment of adipose tissue with platelet-rich plasma cells, which

increase the number of ASCs, maintaining the expression of CD34, an

indicator of stemness (Gentile et al., 2012; Yoshimura et al., 2006).

Almost all patients involved in these trials were pleased with the

esthetic outcome of the treatment, in terms of breast volume and

contour preservation. The improved survival of breast tissue may be

due to the ability of SVF cells to increase vascularization and secrete

pro-surviving growth factors. The crucial result is the absence of

tumor recurrence in those patients who have undergone regenerative

therapy due to breast cancer.

The overall results also highlight the superiority of regenerative

therapies over standard procedures in obtaining both reliable and

esthetically effective outcomes.

Clear evidence of the progress made by regenerative medicine in

terms of breast tissue treatment is the availability on the market of

three devices exploiting the cell-assisted lipotransfer technique:

Celution® 800/CRS, LipoKit II, and Fastem Coris.

In conclusion, breast tissue engineering can be considered as a

viable alternative to the criticalities related to conventional therapies,

potentially leading to a personalized medicine paradigm (Visscher

et al., 2017).

ACKNOWLEDGEMENTS

This project received funding from the European Research Council

(ERC) under the European Union's Horizon 2020 Research and

Innovation programme (grant agreement 646990-NICHOID) and

from the Italian Ministry of University and Research (call

MIUR-FARE 2016, project BEYOND, Cod. R16ZNN2R9K). These

results only reflect only the authors' views, and the ERC is not

responsible for any use that may be made of the information

contained.

CONFLICT OF INTEREST

The authors have no conflicts of interest to disclose.

ORCID

Claudio Conci https://orcid.org/0000-0002-2335-9046

CONCI ET AL.384

https://orcid.org/0000-0002-2335-9046
https://orcid.org/0000-0002-2335-9046


REFERENCES

Andarawewa, K. L., Motrescu, E. R., Chenard, M.-P., Gansmuller, A.,

Stoll, I., Tomasetto, C., & Rio, M.-C. (2005). Stromelysin-3 is a potent

negative regulator of adipogenesis participating to cancer

cell-adipocyte interaction/crosstalk at the tumor invasive front. Cancer

Research, 65(23), 10862–10871. https://doi.org/10.1158/0008-5472.
CAN-05-1231

Antoniou, A., Pharoah, P. D. P., Narod, S., Risch, H. A., Eyfjord, J. E.,

Hopper, J. L., … Easton, D. F. (2003). Average risks of breast and

ovarian cancer associated with BRCA1 or BRCA2 mutations detected

in case series unselected for family history: A combined analysis of

22 studies. The American Journal of Human Genetics, 72(5),

1117–1130. https://doi.org/10.1086/375033
Ballard, M. S., Zhu, A., Iwai, N., Stensrud, M., Mapps, A., Postiglione, M. P.,

… Hinck, L. (2015). Mammary stem cell self-renewal is regulated by

Slit2/Robo1 signaling through SNAI1 and mINSC. Cell Reports, 13(2),

290–301. https://doi.org/10.1016/j.celrep.2015.09.006
Bellini, E., Grieco, M. P., & Raposio, E. (2017). The science behind

autologous fat grafting. Annals of Medicine and Surgery, 24, 65–73.
https://doi.org/10.1016/j.amsu.2017.11.001

Benson, J. R., Dumitru, D., & Malata, C. M. (2016). Oncologic safety of

conservative mastectomy in the therapeutic setting. Gland Surgery,

5(1), 37–46. https://doi.org/10.3978/j.issn.2227-684X.2015.05.13
Bielli, A., Scioli, M., Gentile, P., Agostinelli, S., Tarquini, C., Cervelli, V., &

Orlandi, A. (2014). Adult adipose-derived stem cells and breast cancer:

A controversial relationship. Springerplus, 3(1), 345. https://doi.org/10.

1186/2193-1801-3-345

Bora, P., & Majumdar, A. S. (2017). Adipose tissue-derived stromal vascular

fraction in regenerative medicine: A brief review on biology and

translation. Stem Cell Research & Therapy, 8(1), 145. https://doi.org/10.

1186/s13287-017-0598-y

Campbell, J. J., Botos, L.-A., Sargeant, T. J., Davidenko, N.,

Cameron, R. E., & Watson, C. J. (2014). A 3-D in vitro co-culture model

of mammary gland involution. Integrative Biology, 6(6), 618–626.
https://doi.org/10.1039/C3IB40257F

Campbell, J. J., Hume, R. D., & Watson, C. J. (2014). Engineering mammary

gland in vitro models for cancer diagnostics and therapy. Molecular

Pharmaceutics, 11(7), 1971–1981. https://doi.org/10.1021/

mp500121c

Domenis, R., Lazzaro, L., Calabrese, S., Mangoni, D., Gallelli, A.,

Bourkoula, E., … Parodi, P. (2015). Adipose tissue derived stem cells:

in vitro and in vivo analysis of a standard and three commercially

available cell-assisted lipotransfer techniques. Stem Cell Research &

Therapy, 6(1), 2. https://doi.org/10.1186/scrt536

Dos Anjos, S., Matas-Palau, A., Mercader, J., Katz, A. J., & Llull, R. (2015).

Reproducible volume restoration and efficient long-term volume

retention after point-of-care standardized cell-enhanced fat grafting in

breast surgery. Plastic and Reconstructive Surgery. Global Open, 3(10),

e547. https://doi.org/10.1097/GOX.0000000000000511

Eghbali, H., Nava, M. M., Leonardi, G., Mohebbi-Kalhori, D., Sebastiano, R.,

Samimi, A., & Raimondi, M. T. (2017). An experimental-numerical

investigation on the effects of macroporous scaffold geometry on cell

culture parameters. The International Journal of Artificial Organs, 40(4),

185–195. https://doi.org/10.5301/ijao.5000554
Ercan, C., van Diest, P. J., & Vooijs, M. (2011). Mammary development

and breast cancer: The role of stem cells. Current Molecular Medi-

cine, 11(4), 270–285. https://doi.org/10.2174/15665241179567

8007

Fajdic, J., Djurovic, D., Gotovac, N., & Hrgovic, Z. (2013). Criteria and

procedures for breast conserving surgery. Acta Informatica Medica,

21(1), 16. https://doi.org/10.5455/aim.2013.21.16-19

Flynn, L., Prestwich, G. D., Semple, J. L., & Woodhouse, K. A. (2009).

Adipose tissue engineering in vivo with adipose-derived stem cells on

naturally derived scaffolds. Journal of Biomedical Materials Research

Part A, 89A(4), 929–941. https://doi.org/10.1002/jbm.a.32044

Galbusera, F., Cioffi, M., & Raimondi, M. T. (2008). An in silico bioreactor

for simulating laboratory experiments in tissue engineering. Biomedical

Microdevices, 10(4), 547–554. https://doi.org/10.1007/s10544-008-

9164-9

Galimberti, V., Vicini, E., Corso, G., Morigi, C., Fontana, S., Sacchini, V., &

Veronesi, P. (2017). Nipple-sparing and skin-sparing mastectomy:

Review of aims, oncological safety and contraindications. The Breast,

34, S82–S84. https://doi.org/10.1016/j.breast.2017.06.034
Gentile, P., Orlandi, A., Scioli, M. G., Di Pasquali, C., Bocchini, I.,

Curcio, C. B., … Cervelli, V. (2012). A comparative translational study:

The combined use of enhanced stromal vascular fraction and

platelet-rich plasma improves fat grafting maintenance in breast

reconstruction. Stem Cells Translational Medicine, 1(4), 341–351.
https://doi.org/10.5966/sctm.2011-0065

Gilroy, A. M., Ross, L. M., MacPherson, B. R., & Gaudio, E. (2014).

Prometheus: Atlante di Anatomia. Napoli: Edises.

Gimble, J. M., Katz, A. J., & Bunnell, B. A. (2007). Adipose-derived stem

cells for regenerative medicine. Circulation Research, 100(9),

1249–1260. https://doi.org/10.1161/01.RES.0000265074.83288.09
Gudjonsson, T., Rønnov-Jessen, L., Villadsen, R., Rank, F., Bissell, M. J., &

Petersen, O. W. (2002). Normal and tumor-derived myoepithelial cells

differ in their ability to interact with luminal breast epithelial cells for

polarity and basement membrane deposition. Journal of Cell Science,

115(Pt 1), 39–50.
Hassiotou, F., Beltran, A., Chetwynd, E., Stuebe, A. M., Twigger, A. J.,

Metzger, P., … Hartmann, P. E. (2012). Breastmilk is a novel source of

stem cells with multilineage differentiation potential. Stem Cells, 30,

2164–2174. https://doi.org/10.1002/stem.1188

Hassiotou, F., & Geddes, D. (2013). Anatomy of the human mammary

gland: Current status of knowledge. Clinical Anatomy, 26(1), 29–48.
https://doi.org/10.1002/ca.22165

Jewell, M., Daunch, W., Bengtson, B., & Mortarino, E. (2015). The

development of SERI Surgical Scaffold, an engineered biological scaf-

fold. Annals of the New York Academy of Sciences, 1358(1), 44–55.
https://doi.org/10.1111/nyas.12886

Jiang, A., Li, M., Duan, W., Dong, Y., & Wang, Y. (2015). Improvement of

the survival of human autologous fat transplantation by adipose-

derived stem-cells-assisted Lipotransfer Combined with bFGF. The Sci-

entific World Journal, 2015, 1–7. https://doi.org/10.1155/2015/

968057

Kamakura, T., & Ito, K. (2011). Autologous cell-enriched fat grafting for

breast augmentation. Aesthetic Plastic Surgery, 35(6), 1022–1030.
https://doi.org/10.1007/s00266-011-9727-7

Kang, J. H., Gimble, J. M., & Kaplan, D. L. (2009). In vitro 3d model for

human vascularized adipose tissue. Tissue Engineering Part A, 15(8),

2227–2236. https://doi.org/10.1089/ten.tea.2008.0469

Khouri, R. K., Khouri, R.-E. R., Lujan-Hernandez, J. R., Khouri, K. R.,

Lancerotto, L., & Orgill, D. P. (2014). Diffusion and perfusion: The keys

to fat grafting. Plastic and Reconstructive Surgery. Global Open, 2(9),

e220. https://doi.org/10.1097/GOX.0000000000000183

Kwon, S.-Y., Chae, S. W., Wilczynski, S. P., Arain, A., & Carpenter, P. M.

(2012). Laminin 332 expression in breast carcinoma. Applied

Immunohistochemistry & Molecular Morphology: AIMM, 20(2), 159–164.
https://doi.org/10.1097/PAI.0b013e3182329e8f

Liu, Z.-J., Zhuge, Y., & Velazquez, O. C. (2009). Trafficking and differentia-

tion of mesenchymal stem cells. Journal of Cellular Biochemistry, 106(6),

984–991. https://doi.org/10.1002/jcb.22091

Macias, H., & Hinck, L. (2012). Mammary gland development: Mammary

gland development. Wiley Interdisciplinary Reviews: Developmental

Biology, 1(4), 533–557. https://doi.org/10.1002/wdev.35

Martin-Padura, I., Gregato, G., Marighetti, P., Mancuso, P., Calleri, A.,

Corsini, C., … Bertolini, F. (2012). The white adipose tissue used in

lipotransfer procedures is a rich reservoir of CD34+ progenitors able

to promote cancer progression. Cancer Research, 72(1), 325–334.
https://doi.org/10.1158/0008-5472.CAN-11-1739

CONCI ET AL. 385

https://doi.org/10.1158/0008-5472.CAN-05-1231
https://doi.org/10.1158/0008-5472.CAN-05-1231
https://doi.org/10.1086/375033
https://doi.org/10.1016/j.celrep.2015.09.006
https://doi.org/10.1016/j.amsu.2017.11.001
https://doi.org/10.3978/j.issn.2227-684X.2015.05.13
https://doi.org/10.1186/2193-1801-3-345
https://doi.org/10.1186/2193-1801-3-345
https://doi.org/10.1186/s13287-017-0598-y
https://doi.org/10.1186/s13287-017-0598-y
https://doi.org/10.1039/C3IB40257F
https://doi.org/10.1021/mp500121c
https://doi.org/10.1021/mp500121c
https://doi.org/10.1186/scrt536
https://doi.org/10.1097/GOX.0000000000000511
https://doi.org/10.5301/ijao.5000554
https://doi.org/10.2174/156652411795678007
https://doi.org/10.2174/156652411795678007
https://doi.org/10.5455/aim.2013.21.16-19
https://doi.org/10.1002/jbm.a.32044
https://doi.org/10.1007/s10544-008-9164-9
https://doi.org/10.1007/s10544-008-9164-9
https://doi.org/10.1016/j.breast.2017.06.034
https://doi.org/10.5966/sctm.2011-0065
https://doi.org/10.1161/01.RES.0000265074.83288.09
https://doi.org/10.1002/stem.1188
https://doi.org/10.1002/ca.22165
https://doi.org/10.1111/nyas.12886
https://doi.org/10.1155/2015/968057
https://doi.org/10.1155/2015/968057
https://doi.org/10.1007/s00266-011-9727-7
https://doi.org/10.1089/ten.tea.2008.0469
https://doi.org/10.1097/GOX.0000000000000183
https://doi.org/10.1097/PAI.0b013e3182329e8f
https://doi.org/10.1002/jcb.22091
https://doi.org/10.1002/wdev.35
https://doi.org/10.1158/0008-5472.CAN-11-1739


Mauney, J. R., Nguyen, T., Gillen, K., Kirker-Head, C., Gimble, J. M., &

Kaplan, D. L. (2007). Engineering adipose-like tissue in vitro and

in vivo utilizing human bone marrow and adipose-derived

mesenchymal stem cells with silk fibroin 3D scaffolds. Biomaterials,

28(35), 5280–5290. https://doi.org/10.1016/j.biomaterials.2007.

08.017

Nava, M. M., Piuma, A., Figliuzzi, M., Cattaneo, I., Bonandrini, B.,

Zandrini, T., … Wobus, A. (2016). Two-photon polymerized “nichoid”
substrates maintain function of pluripotent stem cells when expanded

under feeder-free conditions. Stem Cell Research & Therapy, 7(1), 132.

https://doi.org/10.1186/s13287-016-0387-z

Nava, M. M., Raimondi, M. T., Credi, C., De Marco, C., Turri, S.,

Cerullo, G., & Osellame, R. (2015). Interactions between structural and

chemical biomimetism in synthetic stem cell niches. Biomedical

Materials, 10(1), 012–015. https://doi.org/10.1088/1748-6041/10/1/
015012

O'Halloran, N., Courtney, D., Kerin, M. J., & Lowery, A. J. (2017).

Adipose-derived stem cells in novel approaches to breast reconstruc-

tion: Their suitability for tissue engineering and oncological safety.

Breast Cancer: Basic and Clinical Research, 11, 15–20. https://doi.org/
10.1177/1178223417726777

O'Halloran, N. A., Dolan, E. B., Kerin, M. J., Lowery, A. J., & Duffy, G. P.

(2018). Hydrogels in adipose tissue engineering—Potential application

in post-mastectomy breast regeneration. Journal of Tissue Engineering

and Regenerative Medicine, 12(12), 2234–2247. https://doi.org/10.

1002/term.2753

Orecchioni, S., Gregato, G., Martin-Padura, I., Reggiani, F., Braidotti, P.,

Mancuso, P., … Bertolini, F. (2013). Complementary populations of

human adipose CD34+ progenitor cells promote growth, angiogenesis,

and metastasis of breast cancer. Cancer Research, 73(19), 5880–5891.
https://doi.org/10.1158/0008-5472.CAN-13-0821

Pashos, N. C., Scarritt, M. E., Eagle, Z. R., Gimble, J. M., Chaffin, A. E., &

Bunnell, B. A. (2017). Characterization of an acellular scaffold for a

tissue engineering approach to the nipple-areolar complex reconstruc-

tion. Cells, Tissues, Organs, 203(3), 183–193. https://doi.org/10.1159/
000455070

Pérez-Cano, R., Vranckx, J. J., Lasso, J. M., Calabrese, C., Merck, B.,

Milstein, A. M., … Weiler-Mithoff, E. M. (2012). Prospective trial of

adipose-derived regenerative cell (ADRC)-enriched fat grafting for

partial mastectomy defects: The RESTORE-2 trial. European Journal of

Surgical Oncology (EJSO), 38(5), 382–389. https://doi.org/10.1016/j.
ejso.2012.02.178

Provenzano, P. P., Inman, D. R., Eliceiri, K. W., Knittel, J. G., Yan, L.,

Rueden, C. T., … Keely, P. J. (2008). Collagen density promotes

mammary tumor initiation and progression. BMC Medicine, 6(1), 11.

https://doi.org/10.1186/1741-7015-6-11

Qu, Y., Han, B., Gao, B., Bose, S., Gong, Y., Wawrowsky, K., … Cui, X.

(2017). Differentiation of Human Induced Pluripotent Stem Cells to

Mammary-like Organoids. Stem Cell Reports, 8(2), 205–215. https://
doi.org/10.1016/j.stemcr.2016.12.023

Rahman, G. (2011). Breast conserving therapy: A surgical technique where

little can mean more. Journal of Surgical Technique and Case Report,

3(1), 1–4. https://doi.org/10.4103/2006-8808.78459
Raimondi, M. T., Eaton, S. M., Laganà, M., Aprile, V., Nava, M. M.,

Cerullo, G., & Osellame, R. (2013). Three-dimensional structural niches

engineered via two-photon laser polymerization promote stem cell

homing. Acta Biomaterialia, 9(1), 4579–4584. https://doi.org/10.

1016/j.actbio.2012.08.022

Rowan, B. G., Gimble, J. M., Sheng, M., Anbalagan, M., Jones, R. K.,

Frazier, T. P., … Chiu, E. S. (2014). Human adipose tissue-derived stro-

mal/ stem cells promote migration and early metastasis of triple nega-

tive breast cancer xenografts. PLoS ONE, 9(2), e89595. https://doi.

org/10.1371/journal.pone.0089595

Schweizer, R., Tsuji, W., Gorantla, V. S., Marra, K. G., Rubin, J. P., &

Plock, J. A. (2015). The role of adipose-derived stem cells in breast

cancer progression and metastasis. Stem Cells International, 2015,

120949. https://doi.org/10.1155/2015/120949

Sterodimas, A., de Faria, J., Nicaretta, B., & Pitanguy, I. (2010). Tissue

engineering with adipose-derived stem cells (ADSCs): Current and future

applications. Journal of Plastic, Reconstructive & Aesthetic Surgery, 63(11),

1886–1892. https://doi.org/10.1016/j.bjps.2009.10.028
Strem, B. M., Hicok, K. C., Zhu, M., Wulur, I., Alfonso, Z., Schreiber, R. E., …

Hedrick, M. H. (2005). Multipotential differentiation of adipose

tissue-derived stem cells. The Keio Journal of Medicine, 54(3), 132–141.
https://doi.org/10.2302/kjm.54.132

Suga, H., Eto, H., Shigeura, T., Inoue, K., Aoi, N., Kato, H., … Yoshimura, K.

(2009). IFATS Collection: Fibroblast growth factor-2-induced

hepatocyte growth factor secretion by adipose-derived stromal cells

inhibits postinjury fibrogenesis through a c-Jun N-terminal

kinase-dependent mechanism. Stem Cells, 27(1), 238–249. https://doi.
org/10.1634/stemcells.2008-0261

Sun, B., Roh, K.-H., Park, J.-R., Lee, S.-R., Park, S.-B., Jung, J.-W., …
Kang, K.-S. (2009). Therapeutic potential of mesenchymal stromal cells

in a mouse breast cancer metastasis model. Cytotherapy, 11(3),

289–298. https://doi.org/10.1080/14653240902807026
Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T.,

Tomoda, K., & Yamanaka, S. (2007). Induction of pluripotent stem cells

from adult human fibroblasts by defined factors. Cell, 131, 861–872.
https://doi.org/10.1016/j.cell.2007.11.019

Tremolada, C., Palmieri, G., & Ricordi, C. (2010). adipocyte transplantation

and stem cells: Plastic surgery meets regenerative medicine. Cell

Transplantation, 19(10), 1217–1223. https://doi.org/10.3727/

096368910X507187

Tsuji, W., Valentin, J. E., Marra, K. G., Donnenberg, A. D.,

Donnenberg, V. S., & Rubin, J. P. (2018). An animal model of local

breast cancer recurrence in the setting of autologous fat grafting for

breast reconstruction: Breast cancer/fat grafting mouse model. Stem

Cells Translational Medicine, 7(1), 125–134. https://doi.org/10.1002/
sctm.17-0062

Visscher, L. E., Cheng, M., Chhaya, M., Hintz, M. L., Schantz, J.-T., Tran, P.,

… Hutmacher, D. W. (2017). Breast augmentation and reconstruction

from a regenerative medicine point of view: State of the art and future

perspectives. Tissue Engineering Part B: Reviews, 23(3), 281–293.
https://doi.org/10.1089/ten.teb.2016.0303

Waljee, J. F., Hu, E. S., Newman, L. A., & Alderman, A. K. (2008). Predictors

of re-excision among women undergoing breast-conserving surgery

for cancer. Annals of Surgical Oncology, 15(5), 1297–1303. https://doi.
org/10.1245/s10434-007-9777-x

Wang, X., Reagan, M. R., & Kaplan, D. L. (2010). Synthetic adipose tissue

models for studying mammary gland development and breast tissue

engineering. Journal of Mammary Gland Biology and Neoplasia, 15(3),

365–376. https://doi.org/10.1007/s10911-010-9192-y
Wang, X., Zhang, X., Sun, L., Subramanian, B., Maffini, M. V., Soto, A., …

Kaplan, D. L. (2009). Preadipocytes stimulate ductal morphogenesis

and functional differentiation of human mammary epithelial cells on

3D Silk scaffolds. Tissue Engineering Part A, 15(10), 3087–3098.
https://doi.org/10.1089/ten.tea.2008.0670

Woodward, W. A. (2005). On mammary stem cells. Journal of Cell Science,

118(16), 3585–3594. https://doi.org/10.1242/jcs.02532
World Medical Association Declaration of Helsinki (2013). Ethical

principles for medical research involving human subjects. JAMA,

310(20), 2191. https://doi.org/10.1001/jama.2013.281053

Yao, R., Zhang, R., Lin, F., & Luan, J. (2013). Biomimetic injectable

HUVEC-adipocytes/collagen/alginate microsphere co-cultures for

adipose tissue engineering. Biotechnology and Bioengineering, 110(5),

1430–1443. https://doi.org/10.1002/bit.24784
Yoshimura, K., Asano, Y., Aoi, N., Kurita, M., Oshima, Y., Sato, K., …

Harii, K. (2010). Progenitor-enriched adipose tissue transplantation as

rescue for breast implant complications. The Breast Journal, 16(2),

169–175. https://doi.org/10.1111/j.1524-4741.2009.00873.x

CONCI ET AL.386

https://doi.org/10.1016/j.biomaterials.2007.08.017
https://doi.org/10.1016/j.biomaterials.2007.08.017
https://doi.org/10.1186/s13287-016-0387-z
https://doi.org/10.1088/1748-6041/10/1/015012
https://doi.org/10.1088/1748-6041/10/1/015012
https://doi.org/10.1177/1178223417726777
https://doi.org/10.1177/1178223417726777
https://doi.org/10.1002/term.2753
https://doi.org/10.1002/term.2753
https://doi.org/10.1158/0008-5472.CAN-13-0821
https://doi.org/10.1159/000455070
https://doi.org/10.1159/000455070
https://doi.org/10.1016/j.ejso.2012.02.178
https://doi.org/10.1016/j.ejso.2012.02.178
https://doi.org/10.1186/1741-7015-6-11
https://doi.org/10.1016/j.stemcr.2016.12.023
https://doi.org/10.1016/j.stemcr.2016.12.023
https://doi.org/10.4103/2006-8808.78459
https://doi.org/10.1016/j.actbio.2012.08.022
https://doi.org/10.1016/j.actbio.2012.08.022
https://doi.org/10.1371/journal.pone.0089595
https://doi.org/10.1371/journal.pone.0089595
https://doi.org/10.1155/2015/120949
https://doi.org/10.1016/j.bjps.2009.10.028
https://doi.org/10.2302/kjm.54.132
https://doi.org/10.1634/stemcells.2008-0261
https://doi.org/10.1634/stemcells.2008-0261
https://doi.org/10.1080/14653240902807026
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.3727/096368910X507187
https://doi.org/10.3727/096368910X507187
https://doi.org/10.1002/sctm.17-0062
https://doi.org/10.1002/sctm.17-0062
https://doi.org/10.1089/ten.teb.2016.0303
https://doi.org/10.1245/s10434-007-9777-x
https://doi.org/10.1245/s10434-007-9777-x
https://doi.org/10.1007/s10911-010-9192-y
https://doi.org/10.1089/ten.tea.2008.0670
https://doi.org/10.1242/jcs.02532
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1002/bit.24784
https://doi.org/10.1111/j.1524-4741.2009.00873.x


Yoshimura, K., Sato, K., Aoi, N., Kurita, M., Hirohi, T., & Harii, K. (2008).

Cell-assisted lipotransfer for cosmetic breast augmentation:

Supportive use of adipose-derived stem/stromal cells. Aesthetic Plastic

Surgery, 32(1), 48–55. https://doi.org/10.1007/s00266-007-9019-4
Yoshimura, K., Shigeura, T., Matsumoto, D., Sato, T., Takaki, Y.,

Aiba-Kojima, E., … Gonda, K. (2006). Characterization of freshly

isolated and cultured cells derived from the fatty and fluid portions of

liposuction aspirates. Journal of Cellular Physiology, 208(1), 64–76.
https://doi.org/10.1002/jcp.20636

Zhu, W., & Nelson, C. M. (2013). Adipose and mammary epithelial tissue

engineering. Biomatter, 3(3), e24630. https://doi.org/10.4161/biom.

24630

Zimmerlin, L., Donnenberg, A. D., Rubin, J. P., Basse, P.,

Landreneau, R. J., & Donnenberg, V. S. (2011). Regenerative therapy

and cancer: in vitro and in vivo studies of the interaction between

adipose-derived stem cells and breast cancer cells from clinical

isolates. Tissue Engineering Part A, 17(1–2), 93–106. https://doi.org/
10.1089/ten.TEA.2010.0248

How to cite this article: Conci C, Bennati L, Bregoli C, et al.

Tissue engineering and regenerative medicine strategies for

the female breast. J Tissue Eng RegenMed. 2020;14:369–387. https://

doi.org/10.1002/term.2999

CONCI ET AL. 387

https://doi.org/10.1007/s00266-007-9019-4
https://doi.org/10.1002/jcp.20636
https://doi.org/10.4161/biom.24630
https://doi.org/10.4161/biom.24630
https://doi.org/10.1089/ten.TEA.2010.0248
https://doi.org/10.1089/ten.TEA.2010.0248
https://doi.org/10.1002/term.2999
https://doi.org/10.1002/term.2999

	Tissue engineering and regenerative medicine strategies for the female breast
	1  INTRODUCTION
	1.1  Macroscopic anatomy
	1.2  Physiology
	1.3  Microscopic anatomy
	1.4  Homeostasis
	1.5  Spontaneous repair
	1.6  Pathologies requiring regenerative therapies
	1.7  Conventional therapies
	1.8  Critical issues regarding conventional therapies and an introduction to regenerative therapies

	2  IN VITRO RESEARCH
	2.1  Cell models
	2.2  Effect of scaffold/matrix on 3-d models
	2.3  Whole organ models

	3  PRECLINICAL TRIALS
	3.1  ADSC effects on fat grafts
	3.2  ADSC effects on breast cancer cells

	4  CLINICAL TRIALS
	4.1  Fat graft enrichment with SVF cells
	4.2  Fat graft enrichment with autologous ADSCs

	5  COMMERCIAL PRODUCTS
	6  CONCLUSIONS AND FUTURE PERSPECTIVES
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




