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Abstract
Recent developments in adipose-derived stromal/stem cell (ADSC) biology provide new hopes for tissue engineering
and regeneration medicine. Due to their pluripotent activity, paracrine activity, and immunomodulatory function,
ADSCs have been widely administrated and exhibited significant therapeutic effects in the treatment for autoimmune
disorders, neurodegenerative diseases, and ischemic conditions both in animals and human clinical trials. Cell-assisted
lipotransfer (CAL) based on ADSCs has emerged as a promising cell therapy technology and significantly improved the
fat graft retention. Initially applied for cosmetic breast and facial enhancement, CAL has found a potential use for
breast reconstruction in breast cancer patients. However, more challenges emerge related to CAL including lack of a
standardized surgical procedure, the controversy in the effectiveness of CAL, and the potential oncogenic risk of ADSCs
in cancer patients. In this review, we summarized the latest research and intended to give an outline involving the
biological characteristics of ADSCs as well as the preclinical and clinical application of ADSCs.
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Introduction
Fat grafting is widely used in plastic surgery for various
diseases in recent decades, due to its advantages of biocompatible, easy access, cost-effective, less complications, and less damage to the donor sites [1]. However,
with the development of liposuction and various survival
fat volume prediction tools, although autologous fat
grafting technology has been gradually improved over a
century time, the loss rate of fat grafts remains the greatest problem which ranges from 20 to 90% at 1 year after
surgery [2] and the survival volume could not be accurately predicted [3, 4].
In 1999, Pittenger et al. proposed for the first time that
human bone marrow stem cells (BM-MSCs) were stable
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and pluripotent in vitro that could be induced to differentiate exclusively into adipocytic, chondrocytic, or
osteocytic lineages without evident necrosis or apoptosis,
indicating that MSCs were potentially novel therapy for
trauma repair or diseased tissue through cell planting
technology [5]. Since then, cell therapy based on MSCs
has developed and found an important role in the field
of tissue engineering and regeneration medicine [6]. Zuk
et al. demonstrated for the first time that adipose tissue
was also abundant in multipotent stem cells, namely
adipose-derived stromal/stem cells (ADSCs) [7]. ADSCs
are demonstrated to have similar self-renewal, unlimited
proliferation capacity, and pro-angiogenic capacity and
can increase the concentration of pro-angiogenic factors,
promote epithelial cell differentiation and neovascularization, and ultimately improve fat grafts survival and
plastic effects [7–10]. ADSCs can also regulate local and
systemic biological responses through both cell-to-cell
communication and paracrine manner, including
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regulating immune responses, inhibiting apoptosis, promoting angiogenesis, mediating inflammatory responses,
and matrix remodeling [11–13]. Due to these practical
advantages, ADSC-based cell therapy has been widely
applied for wound healing [14–16], soft tissue regeneration [17, 18], and bone generation [19]. Therefore,
along with the mature liposuction technologies to obtain
ADSCs with less invasive, low cost, and higher ADSCs
yield than bone marrow [20], ADSCs seem more suitable
for fat grafts enhancement. Thus, surgeons mixed an
additional percentage of isolated and in vitro cultured
ADSCs into lipoaspirate to obtain a novel fat graft,
which was called cell-assisted lipotransfer (CAL) [21].
Both preclinical and clinical studies suggested that
ADSC-based CAL could improve the survival of fat
grafts and has been well used especially in breast augmentation and facial lipoatrophy [22]. Nevertheless, due
to the complication and economic limitations of isolation and expansion procedures of ADSCs, surgeons prefer to applying stromal vascular fraction (SVF) instead to
deliver fresh ADSCs for CAL in clinical trials rather than
ADSCs. Briefly, SVF is a mixture of cell populations that
derives from lipoaspirate component by removing mature adipocytes after centrifugation. SVF contains abundant ADSCs (about 10%), vascular endothelial cells as
well as their precursors with different differentiation degrees [23]. SVF also contains certain percentage of macrophages, smooth muscle cells, lymphocytes, pericytes,
and fibroblasts [23], which provides an abundantly cellular and molecular microenvironment for regulating
ADSCs under clinical conditions. Studies have shown
that SVF-based CAL could improve fat graft survival
[21, 24, 25]. SVF technology is also widely used in clinical trials for wound healing, joint conditions, and urogenital and cardiovascular diseases [26], exhibiting proangiogenesis and neovascularization effect. Nevertheless,
the relatively low number of published clinical studies,
lack of standard protocol, and financial loss hinder the
application of ADSC- or SVF-based cell therapy in clinical work.
Breast cancer patients are a special population different from breast augmentation and trauma patients. Although the safety of fat injection for breast
reconstruction has been broadly confirmed by a large
number of clinical trials [27], in vitro and in vivo studies
in animal models have found that both adipocytes and
ADSCs can affect the breast cancer microenvironment
and promote breast cancer growth and metastasis [28–
32]. This proposes concerns regarding the use of fat
ADSC-enriched CAL therapy in breast reconstruction
after oncology surgery. In recent years, preclinical studies and clinical trials have been made to explore the
safety and effectiveness of ADSCs in breast reconstruction and obtained some encouraging results. A meta-
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analysis by Laloze et al. in 2018 found that ADSC-based
CAL can significantly improve the fat survival (64% vs.
44%) in small-volume fat grafting (less than 100 ml)
without increasing the risk of tumor recurrence within
1 year after surgery [33]. However, large cohorts and
longer follow-up are needed to affirm the safety of CAL
technology in patients with malignancy.
This review aims to provide a brief review on both the
clinical and molecular evidences on the role of ADSCs
in breast cancer and potential application of ADSCbased CAL in breast reconstruction after oncology
surgery.

Phenotypic characterization of ADSCs
ADSCs mostly distribute in perivascular niche [34].
Compared with bone marrow, ADSCs yield from fat tissue liposuction is 500-fold greater with a much less invasive manner [20]. Through in vitro expansion, ADSCs
show a fibroblast-like morphology, similar to BM-MSC
[7]. Actually, the exact phenotype of ADSCs remains unclarified because surface biomarkers differ depending on
donor cites and culture passages in vivo and in vitro
[23]. According to a joint statement issued by the International Federation of Fat Therapy and Science (IFATS),
ADSCs retain similar phenotypic markers to BM-MSCs
and are commonly positive for CD44, CD73, CD90, and
CD105 and negative for CD31 and CD45 [35]. By the
way, ADSCs also express moderate CD36 and CD106−,
which can usually be distinguished from BM-MSC [35].
The expression of CD34 in ADSCs is of interest because the connection between CD34 and ADSCs functions remains to be controversial. CD34 is limited to
ADSCs freshly isolated or cultured within 8–12 passages
in vitro, indicating that CD34 plays as a niche-specific
marker of immature cells or precursors [35, 36]. So far,
CD34 has been considered to be related to the “stemness” of ADSCs. Suga et al. compared biological functions of CD34− and CD34+ ADSCs and demonstrated
that CD34+ correlated to greater proliferation capacity,
lower differentiation potential, and higher expression of
endothelial progenitor markers, whereas CD34− ADSCs
expressed higher markers of pericyte [37]. CD34+ ADSC
also exhibited greater capacity in promoting breast cancer proliferation, metastasis, and angiogenesis in animal
models [38]. Nevertheless, when CD34 turned negative
after long-time expansion in vitro (25 passages), ADSCs
still showed strong proliferative ability and multidifferentiation potential [37, 39].
Basic functions of ADSCs
Pluripotent differentiation ability

ADSCs represent a group of heterogeneous cells exhibiting similar pluripotential ability to MSCs in vitro and
in vivo and can differentiate into endodermal-,
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mesoderm-, and ectodermal-derived cells [40]. In
addition to the most common adipocytic, chondrocytic,
and osteoblastic lineages presented in studies, ADSC can
also differentiate into epithelial cells, endothelial cells,
liver cells, and nerve cells as well [35]. This potential is
physically essential to support local tissue-specific precursors in faced with damage for tissue regeneration.
Moreover, ADSCs exhibit several unique characteristics
compared with BM-MSCs. ADSCs exhibit a longer survival time, stronger proliferative capacity, shorter doubling time, and later in vitro senescence [41]. Even
cultured for 3 months, ADSCs still have the potential to
differentiate into adipocytes [42].
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into the lateral ventricle or vein might reduce the infarct volume and nerve cell apoptosis, promote the
proliferation of vascular endothelial cells, and increase
the density of microvessels [55, 56]. For the avascular
necrosis or ulcer wounds caused by diabetes, ADSCs
implantation could also obtain a significant therapeutic effect [57]. In addition, researchers found that
external stimulation such as FGF-2 [58], hypoxia [59],
or recombinant adeno-associated virus (rAAV) serotype 2 encoding human VEGF165 [60] can further
enhance the paracrine effect of ADSCs and thus promote angiogenesis.
Immunomodulatory properties

Paracrine and angiogenic activity

ADSC-derived secretome has intrigued increasingly attention in tissue regeneration area. ADSCs can secrete a variety of extracellular vesicles (EVs), exosomes, and soluble
factors [43]. An extensive range of chemokines, cytokines,
growth factors, mRNAs, and micro-RNAs are released by
ADSCs that participate in angiogenesis, lymphangiogenesis, immune modulation, and reducing fibrogenesis [22,
43]. These anti-apoptotic factors and pro-angiogenic factors can affect activities of the nervous system, immune
system, heart, muscles, and even ordinary somatic cells
through endocrine and paracrine methods and have been
demonstrated to play a therapeutic role in bone reconstruction, nerve protection, heart regeneration, and soft
tissue regeneration [43–47]. However, the capacity of EVs
to secrete growth factors and promote tissue regeneration
was indicated not as strong as ADSCs [47]. ADSCs can
also produce antioxidants, free radical scavengers, and
heat shock proteins (HSP), which promote the repair of
viable cells by removing harmful substances from the injured tissue and accelerate wound healing [48, 49]. In
addition, when stimulated by growth factors or inflammatory molecules, expression profiles of ADSCs may vary accordingly. For example, ADSCs stimulated by basic
fibroblast growth factor (bFGF) or epidermal growth
factor (EGF) released significantly more hepatocyte
growth factor (HGF), which further leads to more
synthesis of ascorbic acid [50].
Due to the pluripotent and paracrine potential,
studies have applied ADSCs for cell therapy and tissue engineering in ischemia diseases [51]. In a myocardial ischemia mouse model, a small portion of
ADSCs could differentiate into endothelial cells and
vascular smooth muscle cells [52], as well as cardiomyocytes [53]. More importantly, high expression of
VEGF was detected in the marginal area of the heart
infarct zone when treated by ADSCs, thereby improving myocardial function and avoiding adverse ventricular remodeling [54]. In a cerebral ischemia rat
model, infusion of ADSCs conditioned medium (CM)

The immunosuppressive function of BM-MSCs has been
widely reported [61]. BM-MSCs can suppress both innate
and adaptive immune systems by direct cell-to-cell communication and paracrine cytokines [13]. They could suppress the activation of cytotoxic T cells and differentiation
of T helper (Th) cells through the production of immunosuppressive molecules such as indoleamine 2,3-dioxygenase (IDO), transforming growth factor beta (TGF-β),
heme oxygenase 1 (HO1), and nitric oxide (NO) [62, 63].
PGE2 was reported in vitro to be involved in the inhibition of allogeneic lymphocyte reaction [64]. Patricia et al.
identified IL-1RA as a key factor involved in mediating the
process of MSCs inhibiting B lymphocytes differentiation
and macrophages differentiation into the M2 subgroup
[65]. In addition to inhibiting the proliferation and differentiation of cytotoxic cells such as T cells, NK cells [66], B
cells [67], and dendrite cells (DC) [68], MSCs can also induce the generation and expansion of Foxp3+ regulatory
T cells [69]. One study indicated that CD5+ regulatory B
cells could also be promoted by MSCs and ameliorated refractory chronic GvHD [70].
As a perfect substitute for BM-MSCs, ADSCs even
have a stronger capacity than BM-MSCs to secrete immunosuppressive factors such as IL-6 and TGF-β [71].
With the increase of ADSCs passage number, the expression levels of hematopoietic-related factors and histocompatible locus antigen-DR (HLA-DR) on ADSCs
gradually decreased and ADSCs beyond passage P1
failed to elicit T cells activation and suppressed MLR response [72]. Both in vitro and in vivo results indicated
allogeneic ADSCs presented immune tolerance and
could not stimulate lymphocyte proliferation, which allows the possibility of ADSCs xenotransplantation [73].
Preclinical studies and clinical trials have shown that
ADSCs have a good therapeutic effect in various autoimmune diseases [74–76].
Origin of ADSCs

Fat tissue is distributed throughout the human body at
subcutaneous and visceral depots, such as abdominal,
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thigh, omentum, and pericardium. Due to the abundance of fat at subcutaneous sites, the CAL surgeries are
always based on ADSCs isolated from abdominal subcutaneous fat or breast. Recently, the comparative studies begun to explore the differences in ADSCs
populations isolated from various anatomical locations.
They indicated that ADSCs were influenced significantly
by the microenvironment of a specific tissue source in
cell phenotype, cell proliferation ability, differentiation
ability, and apoptosis susceptibility [77–80]. For example, although ADSCs derived from breast fat and abdominal subcutaneous fat are similar in cell phenotype
and genetic characteristics, ADSCs from breast fat have
higher self-renewal capacity and are more likely to differentiate into osteoblasts, whereas ADSCs from subcutaneous fat are more predisposed to the adipogenic
lineage, suggesting that the latter one seems more suitable for fat grafting [81]. Valerio et al. compared the
ADSCs from subcutaneous, omental, and intrathoracic
(pericardium, pericardial fat, thymic remnant) fat tissue
depots and concluded that ADSCs isolated from intrathoracic depots had the longest doubling time, omentum
ADSCs displayed the highest level of osteogenic markers
while lowest adipogenic differentiation capacity, and the
subcutaneous fat-derived ADSCs demonstrated enhanced adipogenic differentiation capacity [82]. The high
potential of subcutaneous fat-derived ADSCs to differentiate into adipocytes was consistent with the previous
studies [79, 83]. Schipper et al. especially compared the
ADSCs from different parts of subcutaneous (upper arm,
medial thigh, trochanteric, and both superficial and deep
abdominal) fat depots and found that variations in proliferation capacity and apoptotic susceptibility were
dependent on donor age and depot [78]. ADSCs from
the superficial abdominal depot displayed the lowest
apoptosis level, and those derived from young patients
presented the highest proliferation capacity [78]. Jin
et al. further demonstrated that ADSCs derived from
younger populations not only possessed higher proliferative capacity, migratory capacity, and T cell suppressive
ability, but also more predisposed to osteoblast differentiation [84]. Therefore, referring to breast reconstruction, it seems more appropriate to utilize ADSCs from
young donors and abdominal subcutaneous fat tissue.
ADSCs and breast cancer

Although the role of ADSCs in the development and
metastasis of breast cancer has not been fully clarified, it
has been concerned for a long time that ADSCs may increase the risk of breast cancer recurrence after CALbased breast reconstruction.
ADSCs primarily exist in fat tissue, as well as the
breast cancer microenvironment. Besides the resident
ADSCs and those inoculated by white adipose tissue
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grafting, ADSCs could also be recruited from the blood
to tumor center. The investigators label adipose tissue
with GFP and found that ADSCs injected into the circulation or transplanted with adipose tissue could be recruited to breast cancer and further differentiated into
vascular endothelial cells, fibroblasts, and pericytes [85,
86]. Moreover, ADSCs could selectively home to and engraft into tumor stroma to promote tumor growth and
invasion, while filtering organs such as the lung, liver,
and spleen were rarely ADSC-enriched, suggesting that
tumor was the prerequisite of ADSCs homing and vascular engraftment [85].
Razmkhah et al. compared the secretion cytokines between ADSCs from breast cancer adjacent adipose and
those from healthy breast tissues and found that the latter
secreted higher levels of VEGF, IL-8, HGF, and IGF-1,
suggesting tumor-related ADSCs potentially had greater
ability to promote angiogenesis and tumor growth [87].
However, no matter ADSCs were isolated from breast
cancer adjacent adipose, benign breast tumor adjacent adipose, or normal breast adipose, all cells were able to promote the proliferation of MCF-7 breast cancer cells
in vitro, and cancer-associated ADSCs seemed to exhibit
more significant effect than ADSCs from normal fat tissue
[88]. Multiple signaling pathways such as HGF/c-Met,
miR20b, and IGF1/IGFBP2 are involved in the process of
ADSCs promoting tumor cell proliferation [89–91].
ADSCs can also upregulate the epithelial-mesenchymal
transition markers of breast cancer cells, such as fibronectin, alpha smooth muscle actin, and vimentin, and promote the ability of tumor metastasis and invasion [89, 92,
93]. Through paracrine manner by secreting FGF-2 and
activating extracellular signal-regulated kinase (ERK),
ADSCs could drive tumor cell proliferation at the
chemo-residual triple-negative breast cancer [94].
ADSCs might even fuse with tumor cells to form hybrid cells which possessed stronger proliferation and
metastasis capabilities [95].
In contrast, some other studies indicated contradictory
results. Donnenberg et al. showed that ADSCs enhanced
the growth of active but not resting breast tumor cells
[96]. Kucerova et al. directly co-cultured SKBR3 breast
cancer cells with ADSCs and their CM and found that
although ADSCs and CM could promote the expression
of EMT markers and cell migration ability, both of them
unexpectedly inhibited the proliferation of SKBR3 breast
cancer cells and enhanced the sensitivity to chemotherapy [97]. In mouse models, MSCs isolated from adipose
and umbilical cord blood even reduced breast cancer
lung metastases and induced tumor cell necrosis [98]. A
recent study compared the effects of ADSCs from different breast adipose sources (invasive breast cancer,
BRCA-mutated invasive breast cancer, ductal carcinoma
in situ, healthy controls) on multiple breast cancer cell

Fang et al. Stem Cell Research & Therapy

(2021) 12:8

lines and found that ADSCs from invasive breast cancer
patients displayed a significant enhancement on the proliferation and metastasis of JIMT in vivo and in vitro,
which was HER2-enriched and anti-HER2 resistant, but
exhibited a weak promotion effect on T47D and no effect on MDA231 [99].
CM and EVs of ADSCs have been encountered similar
discrepancy. Sakurai et al. treated multiple breast cancer
cell lines with ADSC-derived CM which result in enhanced cell proliferation and migration capacity and further identified the possible involvement of calciumbinding protein S100A7 in this process [100]. On the
contrary, Trivanović et al. found that CM of ADSCs
inhibited the growth of MCF-7 cell line in vitro [101].
Wu et al. further discovered that CM could activate the
DNA damage response pathway ATM-Chk2 cascades in
MCF-7, MDA-MB231, and MDA-MB468 breast cancer
cell lines, thereby inhibiting cell proliferation and inducing apoptosis [102]. As we have reviewed above, EVs
could carry ADSC-specific proteins and RNAs to target
cells and affect them. ADSC-derived EVs delivered
abundant pro-angiogenic factors, which contributed to
promoting microvascular endothelial cells to form
vessel-like structure in vitro and more neovessels within
the fat graft in vivo [103, 104]. Lin et al. also confirmed
that ADSC-derived EVs could promote the proliferation
and metastasis of MCF-7 breast cancer cells by activating the Wnt/β-catenin signaling pathway [105]. However, EVs are heterogeneous, and if EVs highly express
tumor suppressor molecules such as MiR379, they turn
into tumor growth inhibitors and might be a potential
therapeutic tool [106]. In general, the influence of
ADSCs on the proliferation and metastasis of breast cancer is still inconclusive which might partly owe to the
heterogeneity of ADSCs cell population, state of breast
cancer cells, and the complicated microenvironment of
cancer; therefore, further research is needed.
ADSCs can also be educated by tumor cells. When cocultured with breast cancer cells, ADSCs would differentiate into cancer-associated fibroblast-like myofibroblastic phenotype, namely CAFs, express α-SMA and
tenascin-C, and promote angiogenesis and cell invasion
in breast cancer [99, 107]. It has been demonstrated that
water-soluble molecules secreted by breast cancer cells,
such as α-SMA, TGF-β, IL-8, and MMP-3, could not
only recruit ADSCs from adjacent tissues, but also promote the proliferation, proangiogenic factor secretion,
and myofibroblastic differentiation of ADSCs and inhibit
adipogenic differentiation of ADSCs, leading to extracellular matrix deposition and contraction [30]. Some other
permanent changes in transcriptome would occur as
well in educated ADSCs, including upregulation of
brain-derived neurotrophic factor, neurogenic locus
notch homolog protein 1, and cytoskeletal vimentin and
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downregulation of growth differentiation factor 15,
insulin-like growth factor 1, matrix metallopeptidase-2,
and platelet-derived growth factor receptor-βand transforming growth factor-β3 [99]. Even mature adipocytes
are transformed into cancer-associated adipocytes when
co-cultured with breast cancer cells, exhibiting an altered phenotype characterized by delipidation, decreased
adipocyte markers, and overexpression of proinflammatory cytokines expressing higher levels of proinflammatory factors such as IL-6. IL-1β in turn induced
breast cancer cells into a more aggressive behavior
phenotype [108]. More signaling pathways related to
ADSC activation and re-programming remain to be discovered as future therapeutic targets.

Cell-assisted lipotransfer (CAL)
Both autologous transplantation and breast implants are
widely used for breast reconstruction. Autologous flap
transplantation is the gold standard and provides a quite
esthetic, natural, and biocompatible alternative [109],
while it is accompanied with trauma at the donor site,
wound cracking, flap necrosis and loss, the risk of abdominal wall hernia, high operating difficulty, and long
hospital stay [110]. Breast prosthesis has become the
most commonly used reconstruction technique due to
its advantages of short operation time, donor area
morbidity-free, and enhanced recovery after surgery, but
it also has some defects, such as secondary replacement
surgery, repeat prosthesis replacement, prosthesisrelated soft tissue infection, capsular contracture, prosthesis displacement, rupture of the prosthesis, and breast
implant-associated anaplastic large cell lymphoma [111].
In contrast, with the development of liposuction applied
for obtaining fat tissue, autologous fat graft (AFG) has
become the most promising breast reconstruction technology due to less damage to donor sites. Even for patients after breast-conserving surgery, the esthetic
appearance of the breast could be improved by small
volume AFG [112].
The most important challenge for AFG is to raise the
fat survival to get a better appearance, especially for patients who had mastectomy surgery. Currently, the survival rate of AFG is averagely 50%, and necrosis of fat
cells occurs inevitably leading to cysts and reduction of
fat volume. Therefore, multiple AFG surgeries are always
needed to achieve a satisfactory appearance. Compared
with adipocytes, ADSCs are more resistant to ischemia
and hypoxia, thus contributing to adipose tissue repair
under ischemic conditions [113]. Research indicated that
although liposuction reduced the damage to the donor
area, ADSCs were 50% less than the adipose bulk due to
mechanical damage [24]. Suga et al. proposed that 100
ml of adipose tissue contained about 108 stem cells,
while processing 100 ml of fat particles through the
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Celution® system could only obtain 2.5–4.0 × 107 stem
cells [113]. Therefore, deficiency of multipotent ADSCs
might partly explain the predisposition of fat graft to necrosis. In order to improve the fat survival rate, researchers added additional b-FGF, VEGF, platelet-rich
plasma, and ADSCs to the fat graft and indeed achieved
encouraging results [114–117]. As reviewed above,
ADSCs possess a series of features, including being able
to differentiate into a variety of cell types including adipocytes; secreting abundant growth factors such as
VEGF, HGF, FGF-2, and IGF-1 in a paracrine manner;
and modulating immune responses resulting in immune
tolerance, which makes ADSCs a perfect alternative for
adipose tissue engineering. ADSC-based soft tissue engineering has developed rapidly in the past decades,
and ADSCs gradually become the main source of
stem cells for adipose engineering including breast reconstruction [118].
Application of CAL in animal models

In 2006, Yoshimura et al. firstly proposed the concept of
CAL. ASC-based CAL commonly mix ASC-enriched SVF
or isolated and in vitro expanded ADSCs with the fat graft
to make an ADSC-enriched graft. They mixed SVF in human aspirated fat and transplant subcutaneously into immunodeficient mice, ultimately promoting microvessels
formation at the graft and improving the fat survival (35%
larger than the non-CAL group on average) [24]. It has
been well known that ADSCs has lower oxygen consumption and better tolerance than adipose cells when faced
with hypoxic environment during fat transplantation.
Meanwhile, ADSCs could be induced by αvβ3 integrin
and serpin family E member-1 and migrate to perivascular
niche, where they proliferated, differentiated into vascular
endothelial cells, adipocytes, and granulosa cells, thereby
promoted angiogenesis and reduced tissue necrosis [117,
119, 120]. Furthermore, high fraction of ADSCs can also
recruit stem cells from other sites, especially the bone
marrow, into adipose tissue, and further increase VEGF
levels and fat transplant survival [121]. In summary, for
most animal models, including models with immunodeficiency and normal immune, the use of ADSCbased CAL can significantly improve the survival of
fat grafts [122–124].
In order to improve the fat survival further, research
adding VEGF, CXCR4, bFGR, or PRP into ADSCs for
CAL indicated improvement in the efficiency of CAL
[125–128]. Due to the extensive expression of estrogen
receptor in adipose tissue [129], Sai et al. pretreated
ADSCs with estrogen and observed increased secretion
of VEGF, greater adipogenic differentiation and proliferation capacity of ADSCs, and higher survival of fat graft
in the mouse model [130]. However, a lot of details remain clarified and additional studies are needed on the
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mechanisms and treatment modification of CAL. For example, Ko et al. applied human passaged ADSCs for
CAL at mice model and found that the fat graft volume
of the CAL group was larger and central fat necrosis was
lower than control at week 4 after surgery while no difference between the two groups at 15 weeks, suggesting
that the effects of ADSCs on the duration of fat graft
need further studies to explore [131]. Li et al. explored
the effects of PRP and different densities (105/ml, 106/
ml, 107/ml) of ADSCs on fat graft and suggested that
105/ml ADSCs plus PRP group exhibited the highest fat
survival and the most significant angiogenesis rather
than 107/ml [117]. The researchers believed that it took
a certain period of time for ADSCs to differentiate into
adipocytes and a larger density of ADSCs might not
form normal adipose tissue but promoted formation of
dense connective tissue at the early stages, which was
not in favor of the migration of ADSCs to the perivascular niche or the formation of capillary beds and
thus hindered the differentiation of ADSCs [117],
while these hypotheses need future studies to clarify
the interaction between ADSCs and microenvironment (Tables 1 and 2).
Application of CAL in human

Two years after introduction of CAL, Yoshimura et al.
firstly applied CAL in humans and affirmed that the
SVF-based CAL achieved performance in 40 patients for
breast augmentation [21]. The soft and naturalappearing augmentation did not change significantly
after 2 months after surgery, and only 4 patients developed cysts or microcalcifications, which supported the
effectiveness and safety of CAL. Since then, numerous
clinical trials on CAL emerge. Despite encouraging results in animal models, the therapeutic effect of CAL in
human breast reconstruction and plastic surgery is still
controversial. Kølle et al. mixed ADSCs (2 × 107 cells/
ml) with 30 ml of adipose tissue in vitro and planted
them under the skin of the upper limbs of healthy subjects [132]. Results indicated that fat survival of the
ADSC-enriched group was significantly higher than the
control group (80.9% vs. 16.3%, P < 0.0001) at 121 days
after surgery, and no serious adverse events occurred.
The study conducted by Gentile et al. also supported the
advantages of SVF-based CAL that SVF enhanced survival of autologous fat grafts significantly (63% vs. 39%,
P < 0.0001) at 1 year after surgery [133]. In contrast, results from Wang et al. [134] and Peltoniem et al. [135]
were completely opposite that SVF did not improve fat
survival in 10 and 12 patients undergoing breast augmentation, respectively, and the fat reabsorption rates
were still around 50% at 6 months after surgery. A lot of
factors contribute to the variations of results from different studies, including age of fat donor [136], SVF or
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Table 1 Studies in favor of that ADSCs may increase the risk of breast cancer
Reference

Year

Razmkhah
et al. [103]

2010 Human breast (normal versus
cancer-affected)

ADSCs origin

CD44+ CD105+ CD166 +
CD14− CD34− CD45−

ADSCs surface marker

Cancer-affected ADSCs expressed higher levels of VEGF, IL-8,
HGF, and IGF-1

Yan et al.
[104]

2012 Human breast (normal versus
cancer-affected)

CD29+CD73+CD90+CD105+
CD166+
CD31−CD144−CD14−CD45−
HLA-DR−

ADSCs promoted the proliferation of MCF-7 via EGF/EGFR/Akt
(cancer-affected > normal)

Devarajan
et al. [92]

2012 Human whole fat

–

ADSCs promoted the proliferation and EMT markers expression
of multiple breast cancer cell lines

Orecchioni
et al. [105]

2013 Human lipoaspirates

CD13+CD34+CD140b+
CD31−CD45−

ADSCs promoted the proliferation of multiple breast cancer cell
lines (MDA-MB-436, HCC1937, and ZR75–1) and EMT markers
expression in ZR75–1

Lin et al.
[106]

2013 Human lipoaspirates

–

ADSC-derived exosomes promoted the proliferation of MCF-7
cells via activating Wnt signaling

Eterno
et al. [107]

2014 Human lipoaspirates and breast
whole fat (normal versus
cancer-affected)

CD44+CD90+CD117+
CD133+
CD34lowCD45−

ADSCs are not tumorigenic; ADSCs stimulated the proliferation,
migration and tumorigenic behavior of MDA-MB-231 but not
MCF-7 via HGF/c-Met

Trivanović
et al. [108]

2014 Human breast (normal vs.
cancer-affected); abdominal

ADSCs from all sources exhibited similar character and
CD44+CD73+CD90+CD105+
CD11a−CD33−CD45−CD235a− enhanced the proliferation of MCF-7 via direct co-culture

Sakurai
et al. [109]

2017 Human subcutaneous fat

–

ADSC-derived CM promoted the proliferation of multiple breast
cell lines

Melzer
et al. [110]

2018 Umbilical cord explant cultures

–

The hybrid of ADSCs with MDA-MB-231 cells developed elevated metastatic capacities.

Xu et al.
[111]

2019 Mice inguinal fat tissues

–

ADSCs stimulated the migration and invasion of 4T1 cells via cKit/MAPK-p38/E2F1 signaling

Lyes et al.
[112]

2019 Zenbio (ASC-F)

–

ADSCs CM increased proliferation of the chemo-residual TNBC
cells relying on FGF2

Fajka-Boja
et al. [113]

2020 Mice visceral fat tissues

–

ADSCs promoted 4T1 cells growth and metastasis via IGF/IGFBP

ADSCs density, ADSCs isolation technique, fat transplantation surgery process, surgeon skills, and blood
supply of the recipient site. It demonstrated that about
90% of the ADSCs remained viable at 1 h after isolation,
while only 6% remained active after 6–8 h [137]. Therefore, the isolation of ADSCs from adipose tissue should

Results

be as soon as possible and careful operation is very important to improve the therapeutic effect of CAL. Similar to the results of ADSCs in animal models, highdensity SVF was proved to be better than low-density
for CAL and when the number of SVF cells was 10 times
higher, the fat survival volume was increased by 25%

Table 2 Studies contradicted to the promotion effect of ADSCs on breast cancer
Reference Year

ADSCs origin

ADSCs surface marker

Results

–

ADSCs reduced lung metastasis and inhibited the
growth of human breast cancer cells by inducing
apoptosis in mice model

Zimmerlin 2011 Human Subcutaneous adipose tissue
et al. [115]

–

ADSCs enhance the growth of active metastatic
pleural effusion cells, but not resting tumor cells

Kucerova 2013 Human lipoaspirates
et al. [116]

CD44+CD73+CD90+CD105+
CD14−CD34−CD45−

ADSCs inhibited the proliferation of SKBR3 cells
via SDF-1α/CXCR4 and increased chemosensitivity
in a paracrine manner

Trivanović 2014 Human breast (normal versus cancer-affected)
et al. [108]
and abdominal

ADSC-derived CM showed antiproliferative
CD44+CD73+CD90+CD105+
CD11a−CD33−CD45−CD235a− activity

Wu et al.
[119]

–

Sun et al.
[117]

2009 Human breast fat

2019 Human lipoaspirates

Plava et al. 2020 Breast adipose tissue of healthy donors,
CD90+ CD105+ CD73+
CD14- CD20− CD34− CD45−
[118]
adipose tissue adjacent to pre-malignant lesions or malignant lesions or malignant lesions
with BRCA mutation

ADSC-derived CM reduced cell viability by
triggering apoptosis in MCF-7, MDA-MB231, and
MDA-MB468 cells via ATM-Chk2-dependent DNA
damage response
Cancer-related ADSCs displayed a significant
enhancement on the proliferation and metastasis
of JIMT but exhibited a weak promotion effect on
T47D and no effect on MDA231
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(75% vs. 50%, P < 0.01) at 1.5 years after surgery, suggesting that increasing SVF density is also possible strategy
to improve fat survival [138].
The risk of developing a tumor is rather low in the patients for breast augmentation, and cosmetic appearance
is the most important issue. While for breast cancer
after oncologic surgery, in addition to cosmetic satisfaction, the most important concern is the oncogenic risk
of ADSCs. Breast microenvironment after breast cancer
surgery is completely different from a normal breast. As
mentioned above, ADSCs have functions including immune regulation, immunosuppression, cellular homing,
pro-angiogenesis, and anti-apoptosis, which endow them
not only the application in tissue engineering, but also
the possibility to induce breast cancer development and
progression. Therefore, although the role of ADSCs in
breast cancer has not been fully elucidated, the application of CAL in breast cancer patients for reconstruction
must be cautious and follow-up after surgery should be
close. However, the microenvironment of human adipose tissue is much more complicated than conditions
of in vitro experiments or animal models; results of preclinical experimental studies cannot be directly adopted
for clinical trials. For example, in recent years, adipocytes have been proved to promote the conversion of androgen to estrogen via expressing aromatase [139] and
alter the tissue environment in a paracrine manner
[140], thus promoting the progress of breast cancer
[141]. However, in clinical practice, the safety of fat
grafts has been widely recognized. Studies indicated that
fat transplantation does not increase the local tumor recurrence risk in breast cancer patients [142–145]. Meantime, results of two studies are noteworthy. One is a
case-control study conducted by Kronowitz et al., in
which the local recurrence risk among the overall lipofilling population was equal to the control group, while
subgroup analysis indicated increased risk (1.4% vs.
0.5%, P = 0.038) among the lipofilling population who received endocrine therapy [146]. This difference might
partly attribute to the fact that patients who received
lipofilling tend to be elderly, lower tumor stages, and receive more endocrine therapy, which is in line with the
real-world situation. Whether there is cross-talk between
endocrine therapy and effects of ADSCs remains elucidate. The other study was a case-control study among
intraepithelial neoplasia patients [147]. Petit et al. found
that fat grafting after surgery for intraepithelial neoplasia
increased the 5-year local tumor recurrence risk (18% vs.
3%, P = 0.02), especially among the subgroups of patients
older than 50-year-old patients, with high histological
grade, with higher ki67, and receiving breast-conserving
surgery. The tumor recurrence rate in this study was significantly higher than other studies, which might attribute to the short time (most within 3 years) of fat
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grafting from the radical tumor resection surgery, because most breast cancer recurrence appeared in the
first several years after surgery [148]. Although these
two studies are retrospective, they still suggested a valuable concern about the safety of fat transplantation. In
addition, the follow-up time in most studies is less than
8 years, while breast cancer has a persistent risk of recurrence for 20 years after surgery. Therefore, it is too early
to conclude that fat transplantation is absolutely safe.
Up to now, the clinical practice of CAL in the breast
reconstruction is very limited, and most studies are
retrospective analysis or case-control. Prospective research is rare, so there is no high-level evidence to support the application. In a preclinical study, Lee et al.
injected fat and SVF subcutaneously in a breast cancer
xenograft mouse model and found that SVF-based CAL
significantly increased the fat survival volume and did
not promote the growth of nearby breast tumor [149].
Mazur and Calabrese and others conducted retrospective
clinical studies and found that SVF-based autologous fat
transplantation did not increase the tumor recurrence
rate within 3 and 5 years, affirming the safety of CAL
[150, 151]. The RESTORE-2 trial was the first prospective trial to evaluate the effect of the CAL technique for
breast-conserving breast cancer [152]. ADSC enrichment
of fat grafts significantly improved graft survival and residual volume (over 80%). Although 35.7% (24/67) of the
patients underwent the second operation at 6 months
after the primary surgery, 85.1% (57/67) patients were
satisfied with the cosmetic appearance after 12 months.
Meanwhile, no local tumor recurrence or serious adverse
events occurred after CAL. The main adverse event was
cyst at the injection site. However, since the follow-up
time of this study is only 12 months, the safety of CAL
also remains explored in the future.

Summary
This review identifies a solid foundation and a promising
trend for ADSC-based CAL technology in breast reconstruction. The multiple capacities including pluripotent
activity, paracrine activity, immunomodulatory function,
and pro-angiogenesis entitle ADSCs to be a perfect
product for regenerative medicine (Fig. 1). Though the
evidence levels of clinical practice up to now are limited,
most trials favor the advantage of CAL therapy in breast
reconstruction without increasing oncogenic risk, encouraging more large cohorts to apply this technology
and provide higher-level evidence. A notable breakthrough for MSC therapy recently was the authorization
of allogeneic ADSCs by the European Medicines Agency
to treat complex perianal fistulas in Crohn’s disease in
2018 [153], intriguing a lot of ongoing trials applying
ADSC-based cell therapy for soft-tissue reconstruction,
neurodegenerative diseases, and ischemic conditions.
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Fig. 1 Capacities of adipose tissue-derived stem cells and their potential for cell-assisted lipotransfer (CAL)

Some areas to be improved include the timing of
ADSCs transplantation, standardized surgical procedures, comparison of clinical benefits of ADSCs and
SVF, ex vivo expansion skills of ADSCs, and the relationship between ADSCs and various adjuvant treatments. It is expected that more investigators will
propose well-designed prospective clinical studies to further solve these problems. Pre-clinical studies tracking
the complexity of ADSCs in tumor microenvironment
will also deliver useful information to optimize CAL
technology.
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2,3-dioxygenase; TGF-β: Transforming growth factor beta; HO1: Heme
oxygenase 1; NO: Nitric oxide; iNOS: Inducible nitric oxide synthase;
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vascular endothelial growth factor; ECs: Endothelial cells; VSMCs: Vascular
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Abbreviations
ADSCs: Adipose-derived stromal/stem cells; SVF: Stromal vascular fraction;
CAL: Cell-assisted lipotransfer; BM-MSCs: Bone marrow stem cells; IFAT
S: International Federation of Fat Therapy and Science;
IHC: Immunohistochemistry; TAFs: Tumor-associated fibroblasts;
CM: Conditioned medium; EVs: Extracellular vesicles; HSP: Heat shock
proteins; bFGF: Basic fibroblast growth factor; EGF: Epidermal growth factor;
HGF: Hepatocyte growth factor; TNF-α: Tumor necrosis factor-α; IGF1: Insulin-like growth factor-1; VEGF: Vascular endothelial growth factor;

Authors’ contributions
JF and FC drafted the manuscript; DL, FG, and YW reviewed and modified
the manuscript. All authors agreed on the final version.

Acknowledgements
We thank the Natural Science Foundation of Zhejiang province.

Funding
This work was funded by the Natural Science Foundation of Zhejiang
province (NO. LY19H160004) and the Department of Health of Zhejiang
Province (NO. 2017192527).

Fang et al. Stem Cell Research & Therapy

(2021) 12:8

Availability of data and materials
Not applicable.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Zhejiang Key Laboratory of Radiation Oncology, Hangzhou, China.
2
Department of Radiation Therapy, Zhejiang Cancer Hospital, Hangzhou,
China. 3Radiotherapy, Institute of Cancer and Basic Medicine (ICBM), Chinese
Academy of Sciences, Cancer Hospital of the University of Chinese Academy
of Sciences, Zhejiang Cancer Hospital, Hangzhou, China. 4Department of
Breast Tumor Surgery, Institute of Cancer Research and Basic Medical
Sciences of Chinese Academy of Sciences, Cancer Hospital of University of
Chinese Academy of Sciences, Zhejiang Cancer Hospital, Hangzhou, China.
Received: 10 June 2020 Accepted: 27 September 2020

References
1. Lin J-Y, Wang C, Pu LLQ. Can we standardize the techniques for fat
grafting? Clin Plast Surg. 2015;42:199–208.
2. Coleman SR. Long-term survival of fat transplants: controlled
demonstrations. Aesthet Plast Surg. 1995;19:421–5.
3. Bircoll M, Novack BH. Autologous fat transplantation employing liposuction
techniques. Ann Plast Surg. 1987;18:327–9.
4. Zielins ER, Brett EA, Longaker MT, Wan DC. Autologous fat grafting: the
science behind the surgery. Aesthet Surg J. 2016;36:488–96.
5. Pittenger M, Multilineage F. Potential of adult human mesenchymal stem
cells. Science. 1999;284:143–7.
6. Rajabzadeh N, Fathi E, Farahzadi R. Stem cell-based regenerative medicine.
Stem Cell Investig. 2019;6:19.
7. Zuk PA, et al. Multilineage cells from human adipose tissue: implications for
cell-based therapies. Tissue Eng. 2001;7:211–28.
8. Klinger FM, Vinci V, Forcellini D, Caviggioli F. Basic science review on
adipose tissue for clinicians. Plast Reconstr Surg. 2011;128:829–30.
9. Gir P, Oni G, Brown SA, Mojallal A, Rohrich RJ. Human adipose stem cells:
current clinical applications. Plast Reconstr Surg. 2012;129:1277–90.
10. Zhu M, et al. Adipocyte regeneration after free fat transplantation:
promotion by stromal vascular fraction cells. Cell Transplant. 2015;24:49–62.
11. Rehman J, et al. Secretion of angiogenic and antiapoptotic factors by
human adipose stromal cells. Circulation. 2004;109:1292–8.
12. Suga H, Glotzbach JP, Sorkin M, Longaker MT, Gurtner GC. Paracrine
mechanism of angiogenesis in adipose-derived stem cell transplantation.
Ann Plast Surg. 2014;72:234–41.
13. Maria ATJ, et al. Adipose-derived mesenchymal stem cells in autoimmune
disorders: state of the art and perspectives for systemic sclerosis. Clin Rev
Allergy Immunol. 2017;52:234–59.
14. Rigotti G, et al. Clinical treatment of radiotherapy tissue damage by
lipoaspirate transplant: a healing process mediated by adipose-derived adult
stem cells. Plast Reconstr Surg. 2007;119:1409–22.
15. Yun IS, et al. Effect of human adipose derived stem cells on scar formation and
remodeling in a pig model: a pilot study. Dermatol Surg. 2012;38:1678–88.
16. Hassanshahi A, et al. Adipose-derived stem cells for wound healing. J Cell
Physiol. 2019;234:7903–14.
17. Wang Q, et al. Assisting rapid soft-tissue expansion with adipose-derived
stem cells: an experimental study in a pig model. Plast Reconstr Surg. 2018;
142:674e–84e.
18. Moreno-Manzano V, et al. Human adipose-derived mesenchymal stem cells
accelerate decellularized neobladder regeneration. Regen Biomater. 2020;7:
161–9.
19. Shafaei H, Kalarestaghi H. Adipose-derived stem cells: an appropriate
selection for osteogenic differentiation. J Cell Physiol. 2020. https://doi.org/
10.1002/jcp.29681.

Page 10 of 13

20. Fraser JK, Wulur I, Alfonso Z, Hedrick MH. Fat tissue: an underappreciated
source of stem cells for biotechnology. Trends Biotechnol. 2006;24:150–4.
21. Yoshimura K, et al. Cell-assisted lipotransfer for cosmetic breast
augmentation: supportive use of adipose-derived stem/stromal cells.
Aesthet Plast Surg. 2008;32:48–55.
22. Shukla L, Yuan Y, Shayan R, Greening DW, Karnezis T. Fat therapeutics: the
clinical capacity of adipose-derived stem cells and exosomes for human
disease and tissue regeneration. Front Pharmacol. 2020;11:158.
23. Bora P, Majumdar AS. Adipose tissue-derived stromal vascular fraction in
regenerative medicine: a brief review on biology and translation. Stem Cell
Res Ther. 2017;8:145.
24. Matsumoto D, et al. Cell-assisted lipotransfer: supportive use of human
adipose-derived cells for soft tissue augmentation with lipoinjection. Tissue
Eng. 2006;12:3375–82.
25. Cai W, Yu L, Tang X, Shen G. The stromal vascular fraction improves
maintenance of the fat graft volume: a systematic review. Ann Plast Surg.
2018;81:367–71.
26. Andia I, Maffulli N, Burgos-Alonso N. Stromal vascular fraction technologies
and clinical applications. Expert Opin Biol Ther. 2019;19:1289–305.
27. Bayram Y, Sezgic M, Karakol P, Bozkurt M, Filinte GT. The use of autologous fat
grafts in breast surgery: a literature review. Arch Plast Surg. 2019;46:498–510.
28. Karnoub AE, et al. Mesenchymal stem cells within tumour stroma promote
breast cancer metastasis. Nature. 2007;449:557–63.
29. Muehlberg FL, et al. Tissue-resident stem cells promote breast cancer
growth and metastasis. Carcinogenesis. 2009;30:589–97.
30. Chandler EM, et al. Implanted adipose progenitor cells as physicochemical
regulators of breast cancer. Proc Natl Acad Sci. 2012;109:9786–91.
31. Wang Y-Y, et al. Adipose tissue and breast epithelial cells: a dangerous
dynamic duo in breast cancer. Cancer Lett. 2012;324:142–51.
32. Rowan BG, et al. Human adipose tissue-derived stromal/stem cells promote
migration and early metastasis of triple negative breast cancer xenografts.
PLoS One. 2014;9:e89595.
33. Laloze J, et al. Cell-assisted lipotransfer: friend or foe in fat grafting?
Systematic review and meta-analysis. J Tissue Eng Regen Med. 2018;12:
e1237–50.
34. Wankhade UD, Shen M, Kolhe R, Fulzele S. Advances in adipose-derived
stem cells isolation, characterization, and application in regenerative tissue
engineering. Stem Cells Int. 2016;2016:1–9.
35. Bourin P, et al. Stromal cells from the adipose tissue-derived stromal
vascular fraction and culture expanded adipose tissue-derived stromal/stem
cells: a joint statement of the International Federation for Adipose
Therapeutics and Science (IFATS) and the International Society for Cellular
Therapy (ISCT). Cytotherapy. 2013;15:641–8.
36. Maumus M, et al. Native human adipose stromal cells: localization,
morphology and phenotype. Int J Obes. 2011;35:1141–53.
37. Suga H, et al. Functional implications of CD34 expression in human
adipose–derived stem/progenitor cells. Stem Cells Dev. 2009;18:1201–10.
38. Martin-Padura I, et al. The white adipose tissue used in lipotransfer
procedures is a rich reservoir of CD34+ progenitors able to promote Cancer
progression. Cancer Res. 2012;72:325–34.
39. Zhu Y, et al. Adipose-derived stem cell: a better stem cell than BMSC. Cell
Biochem Funct. 2008;26:664–75.
40. Si Z, et al. Adipose-derived stem cells: sources, potency, and implications for
regenerative therapies. Biomed Pharmacother. 2019;114:108765.
41. Hass R, Otte A. Mesenchymal stem cells as all-round supporters in a normal
and neoplastic microenvironment. Cell Commun Signal. 2012;10:26.
42. Folgiero V, et al. Purification and characterization of adipose-derived stem
cells from patients with lipoaspirate transplant. Cell Transplant. 2010;19:
1225–35.
43. Maacha S, et al. Paracrine mechanisms of mesenchymal stromal cells in
angiogenesis. Stem Cells Int. 2020;2020:1–12.
44. Maumus M, Jorgensen C, Noël D. Mesenchymal stem cells in regenerative
medicine applied to rheumatic diseases: role of secretome and exosomes.
Biochimie. 2013;95:2229–34.
45. Rivera-Valdés JJ, et al. Human adipose derived stem cells regress fibrosis in
a chronic renal fibrotic model induced by adenine. PLoS One. 2017;12:
e0187907.
46. Llontop P, et al. Airway transplantation of adipose stem cells protects against
bleomycin-induced pulmonary fibrosis. J Investig Med. 2018;66:739–46.
47. Oh S-J, et al. Comparative analysis of adipose-derived stromal cells and their
Secretome for auricular cartilage regeneration. Stem Cells Int. 2020;2020:1–8.

Fang et al. Stem Cell Research & Therapy

(2021) 12:8

48. Gimble JM, Katz AJ, Bunnell BA. Adipose-derived stem cells for regenerative
medicine. Circ Res. 2007;100:1249–60.
49. Kim W-S, Park B-S, Sung J-H. The wound-healing and antioxidant effects of
adipose-derived stem cells. Expert Opin Biol Ther. 2009;9:879–87.
50. Braga J, Osorio Gomes Salgado A, et al. Adipose tissue derived stem cells
secretome: soluble factors and their roles in regenerative medicine. Curr
Stem Cell Res Ther. 2010;5:103–10.
51. Zhao L, Johnson T, Liu D. Therapeutic angiogenesis of adipose-derived stem
cells for ischemic diseases. Stem Cell Res Ther. 2017;8:125.
52. Mazo M, et al. Adipose stromal vascular fraction improves cardiac function
in chronic myocardial infarction through differentiation and paracrine
activity. Cell Transplant. 2012;21:1023–37.
53. Léobon B, et al. Adipose-derived cardiomyogenic cells: in vitro expansion
and functional improvement in a mouse model of myocardial infarction.
Cardiovasc Res. 2009;83:757–67.
54. Wang L, et al. Adipose-derived stem cells are an effective cell candidate for
treatment of heart failure: an MR imaging study of rat hearts. Am J PhysiolHeart Circ Physiol. 2009;297:H1020–31.
55. Cho YJ, et al. Therapeutic effects of human adipose stem cell-conditioned
medium on stroke. J Neurosci Res. 2012;90:1794–802.
56. Gutiérrez-Fernández M, et al. Effects of intravenous administration of
allogenic bone marrow- and adipose tissue-derived mesenchymal stem
cells on functional recovery and brain repair markers in experimental
ischemic stroke. Stem Cell Res Ther. 2013;4:11.
57. Nie C, et al. Targeted delivery of adipose-derived stem cells via acellular
dermal matrix enhances wound repair in diabetic rats: effects of ASCs-ADM
on diabetic wound healing. J Tissue Eng Regen Med. 2015;9:224–35.
58. Bhang SH, et al. Locally delivered growth factor enhances the angiogenic
efficacy of adipose-derived stromal cells transplanted to ischemic limbs.
Stem Cells. 2009;27:1976–86.
59. He, J., Genetos, D. C., Yellowley, C. E. & Leach, J. K. Oxygen tension
differentially influences osteogenic differentiation of human adipose stem
cells in 2D and 3D cultures. J Cell Biochem n/a-n/a (2010) doi:https://doi.
org/10.1002/jcb.22514.
60. Shevchenko EK, et al. Transplantation of modified human adipose derived
stromal cells expressing VEGF165 results in more efficient angiogenic
response in ischemic skeletal muscle. J Transl Med. 2013;11:138.
61. Castro-Manrreza ME, Montesinos JJ. Immunoregulation by mesenchymal
stem cells: biological aspects and clinical applications. J Immunol Res. 2015;
2015:1–20.
62. Bouffi C, Bony C, Courties G, Jorgensen C, Noël D. IL-6-dependent PGE2
secretion by mesenchymal stem cells inhibits local inflammation in
experimental arthritis. PLoS One. 2010;5:e14247.
63. Shi Y, et al. Immunoregulatory mechanisms of mesenchymal stem and
stromal cells in inflammatory diseases. Nat Rev Nephrol. 2018;14:493–507.
64. Cui L, et al. Expanded adipose-derived stem cells suppress mixed
lymphocyte reaction by secretion of prostaglandin E2. Tissue Eng. 2007;13:
1185–95.
65. Adamiak M, et al. Downregulation of heme oxygenase 1 (HO-1) activity in
hematopoietic cells enhances their engraftment after transplantation. Cell
Transplant. 2016;25:1265–76.
66. Sotiropoulou PA, Perez SA, Gritzapis AD, Baxevanis CN, Papamichail M.
Interactions between human mesenchymal stem cells and natural killer
cells. Stem Cells. 2006;24:74–85.
67. Corcione A, et al. Human mesenchymal stem cells modulate B-cell
functions. Blood. 2006;107:367–72.
68. Djouad F, et al. Mesenchymal stem cells inhibit the differentiation of
dendritic cells through an interleukin-6-dependent mechanism. Stem Cells.
2007;25:2025–32.
69. Luz-Crawford P, et al. Mesenchymal stem cells generate a CD4+CD25+
Foxp3+ regulatory T cell population during the differentiation process of
Th1 and Th17 cells. Stem Cell Res Ther. 2013;4:65.
70. Peng Y, et al. Mesenchymal stromal cells infusions improve refractory
chronic graft versus host disease through an increase of CD5+ regulatory B
cells producing interleukin 10. Leukemia. 2015;29:636–46.
71. Melief SM, Zwaginga JJ, Fibbe WE, Roelofs H. Adipose tissue-derived
multipotent stromal cells have a higher immunomodulatory capacity
than their bone marrow-derived counterparts. Stem Cells Transl Med.
2013;2:455–63.
72. McIntosh K, et al. The immunogenicity of human adipose-derived cells:
temporal changes in vitro. Stem Cells. 2006;24:1246–53.

Page 11 of 13

73. McIntosh KR, et al. Immunogenicity of allogeneic adipose-derived stem cells
in a rat spinal fusion model. Tissue Eng Part A. 2009;15:2677–86.
74. Zhang L, et al. Use of immune modulation by human adipose-derived
mesenchymal stem cells to treat experimental arthritis in mice. Am J Transl
Res. 2017;9:2595–607.
75. Zhou C, et al. Autologous adipose-derived stem cells for the treatment of
Crohn’s fistula-in-ano: an open-label, controlled trial. Stem Cell Res Ther.
2020;11:124.
76. Szczepanik E, et al. Intrathecal infusion of autologous adipose-derived
regenerative cells in autoimmune refractory epilepsy: evaluation of safety
and efficacy. Stem Cells Int. 2020;2020:1–16.
77. Tchkonia T, et al. Fat depot origin affects adipogenesis in primary cultured
and cloned human preadipocytes. Am J Physiol-Regul Integr Comp Physiol.
2002;282:R1286–96.
78. Schipper BM, Marra KG, Zhang W, Donnenberg AD, Rubin JP. Regional
anatomic and age effects on cell function of human adipose-derived stem
cells. Ann Plast Surg. 2008;60:538–44.
79. Toyoda M, Matsubara Y, Lin K, Sugimachi K, Furue M. Characterization and
comparison of adipose tissue-derived cells from human subcutaneous and
omental adipose tissues. Cell Biochem Funct. 2009;27:440–7.
80. Park HT, et al. The relationship between fat depot-specific preadipocyte
differentiation and metabolic syndrome in obese women: preadipocyte and
metabolic syndrome. Clin Endocrinol. 2012;76:59–66.
81. Guneta V, et al. Comparative study of adipose-derived stem cells from
abdomen and breast. Ann Plast Surg. 2016;76:569–75.
82. Russo V, Yu C, Belliveau P, Hamilton A, Flynn LE. Comparison of human
adipose-derived stem cells isolated from subcutaneous, omental, and
intrathoracic adipose tissue depots for regenerative applications. Stem Cells
Transl Med. 2014;3:206–17.
83. Baglioni S, et al. Functional differences in visceral and subcutaneous fat
pads originate from differences in the adipose stem cell. PLoS One. 2012;7:
e36569.
84. Jin Y, et al. Effects of age on biological and functional characterization of
adipose-derived stem cells from patients with end-stage liver disease. Mol
Med Rep. 2017;16:3510–8.
85. Zhang Y, et al. White adipose tissue cells are recruited by experimental
tumors and promote cancer progression in mouse models. Cancer Res.
2009;69:5259–66.
86. Kidd S, et al. Origins of the tumor microenvironment: quantitative
assessment of adipose-derived and bone marrow–derived stroma. PLoS
One. 2012;7:e30563.
87. Razmkhah M, et al. Expression profile of IL-8 and growth factors in breast
cancer cells and adipose-derived stem cells (ASCs) isolated from breast
carcinoma. Cell Immunol. 2010;265:80–5.
88. Yan X, et al. Mesenchymal stem cells from primary breast cancer tissue
promote cancer proliferation and enhance mammosphere formation partially
via EGF/EGFR/Akt pathway. Breast Cancer Res Treat. 2012;132:153–64.
89. Eterno V, et al. Adipose-derived mesenchymal stem cells (ASCs) may favour
breast cancer recurrence via HGF/c-Met signaling. Oncotarget. 2014;5(3):
613–33.
90. Xu H, Li W, Luo S, Yuan J, Hao L. Adipose derived stem cells promote tumor
metastasis in breast cancer cells by stem cell factor inhibition of miR20b.
Cell Signal. 2019;62:109350.
91. Fajka-Boja R, Szebeni GJ, Hunyadi-Gulyás É, Puskás LG, Katona RL. Polyploid
adipose stem cells shift the balance of IGF1/IGFBP2 to promote the growth
of breast cancer. Front Oncol. 2020;10:157.
92. Devarajan E, Song Y-H, Krishnappa S, Alt E. Epithelial-mesenchymal
transition in breast cancer lines is mediated through PDGF-D released by
tissue-resident stem cells. Int J Cancer. 2012;131:1023–31.
93. Orecchioni S, et al. Complementary populations of human adipose CD34+
progenitor cells promote growth, angiogenesis, and metastasis of breast
cancer. Cancer Res. 2013;73:5880–91.
94. Lyes MA, et al. Adipose stem cell crosstalk with chemo-residual breast
cancer cells: implications for tumor recurrence. Breast Cancer Res Treat.
2019;174:413–22.
95. Melzer C, von der Ohe J, Hass R. Enhanced metastatic capacity of breast
cancer cells after interaction and hybrid formation with mesenchymal
stroma/stem cells (MSC). Cell Commun Signal. 2018;16:2.
96. Zimmerlin L, et al. 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 Eng Part A. 2011;17:93–106.

Fang et al. Stem Cell Research & Therapy

(2021) 12:8

97. Kucerova L, Skolekova S, Matuskova M, Bohac M, Kozovska Z. Altered
features and increased chemosensitivity of human breast cancer cells
mediated by adipose tissue-derived mesenchymal stromal cells. BMC
Cancer. 2013;13:535.
98. Sun B, et al. Therapeutic potential of mesenchymal stromal cells in a mouse
breast cancer metastasis model. Cytotherapy. 2009;11:289–98.
99. Plava J, et al. Permanent pro-tumorigenic shift in adipose tissue-derived
mesenchymal stromal cells induced by breast malignancy. Cells. 2020;9:480.
100. Sakurai M, et al. Interaction with adipocyte stromal cells induces breast
cancer malignancy via S100A7 upregulation in breast cancer
microenvironment. Breast Cancer Res. 2017;19:70.
101. Trivanović D, et al. Characteristics of human adipose mesenchymal stem
cells isolated from healthy and cancer affected people and their interactions
with human breast cancer cell line M CF -7 in vitro. Cell Biol Int. 2014;38:
254–65.
102. Wu Y-C, et al. Differential response of non-cancerous and malignant breast
cancer cells to conditioned medium of adipose tissue-derived stromal cells
(ASCs). Int J Med Sci. 2019;16:893–901.
103. Lopatina T, et al. Platelet-derived growth factor regulates the secretion of
extracellular vesicles by adipose mesenchymal stem cells and enhances
their angiogenic potential. Cell Commun Signal. 2014;12:26.
104. Mou S, et al. Extracellular vesicles from human adipose-derived stem cells
for the improvement of angiogenesis and fat-grafting application. Plast
Reconstr Surg. 2019;144:869–80.
105. Lin R, Wang S, Zhao RC. Exosomes from human adipose-derived
mesenchymal stem cells promote migration through Wnt signaling
pathway in a breast cancer cell model. Mol Cell Biochem. 2013;383:13–20.
106. O’Brien KP, et al. Employing mesenchymal stem cells to support tumortargeted delivery of extracellular vesicle (EV)-encapsulated microRNA-379.
Oncogene. 2018;37:2137–49.
107. Jotzu C, et al. Adipose tissue derived stem cells differentiate into carcinomaassociated fibroblast-like cells under the influence of tumor derived factors.
Cell Oncol. 2011;34:55–67.
108. Dirat B, et al. Cancer-associated adipocytes exhibit an activated phenotype
and contribute to breast cancer invasion. Cancer Res. 2011;71:2455–65.
109. Wise MW, St. Hilaire H, Sadeghi A, Hogan M, Dupin C. Autologous breast
reconstruction. In: Riker AI, editor. Breast disease. New York: Springer; 2015.
p. 279–304. https://doi.org/10.1007/978-1-4939-1145-5_19.
110. Platt J, Baxter N, Zhong T. Breast reconstruction after mastectomy for breast
cancer. Can Med Assoc J. 2011;183:2109–16.
111. Galimberti V, et al. Nipple-sparing and skin-sparing mastectomy: review of
aims, oncological safety and contraindications. Breast. 2017;34:S82–4.
112. Juhl AA, Redsted S, Engberg Damsgaard T. Autologous fat grafting after
breast conserving surgery: breast imaging changes and patient-reported
outcome. J Plast Reconstr Aesthet Surg. 2018;71:1570–6.
113. Suga H, et al. Adipose tissue remodeling under ischemia: death of
adipocytes and activation of stem/progenitor cells. Plast Reconstr Surg.
2010;126:1911–23.
114. Yuksel E, et al. Increased free fat-graft survival with the long-term, local
delivery of insulin, insulinlike growth factor-I, and basic fibroblast
growth factor by PLGA/PEG microspheres. Plast Reconstr Surg. 2000;105:
1712–20.
115. Pires Fraga MF, et al. Increased survival of free fat grafts with platelet-rich
plasma in rabbits. J Plast Reconstr Aesthet Surg. 2010;63:e818–22.
116. Topcu A, Aydin OE, Ünlü M, Barutcu A, Atabey A. Increasing the viability of
fat grafts by vascular endothelial growth factor. Arch Facial Plast Surg. 2012;
14(4):270–6.
117. Li K, et al. Increased survival of human free fat grafts with varying densities
of human adipose-derived stem cells and platelet-rich plasma: fat grafts
with varying densities of ASCs and PRP. J Tissue Eng Regen Med. 2017;11:
209–19.
118. Combellack EJ, et al. Adipose regeneration and implications for breast
reconstruction: update and the future. Gland Surg. 2016;5:227–41.
119. Eto H, et al. Adipose injury–associated factors mitigate hypoxia in ischemic
tissues through activation of adipose-derived stem/progenitor/stromal cells
and induction of angiogenesis. Am J Pathol. 2011;178:2322–32.
120. Piccinno MS, et al. Adipose stromal/stem cells assist fat transplantation
reducing necrosis and increasing graft performance. Apoptosis. 2013;18:
1274–89.
121. Butala P, et al. 6: augmentation of fat graft survival with progenitor cell
mobilization. Plast Reconstr Surg. 2010;125:12.

Page 12 of 13

122. Ni Y, et al. Effect of fat particle-to-SVF ratio on graft survival rates in rabbits.
Ann Plast Surg. 2015;74:609–14.
123. Seyhan N, et al. The effect of combined use of platelet-rich plasma and
adipose-derived stem cells on fat graft survival. Ann Plast Surg. 2015;74:615–
20.
124. Laloze J, et al. Cell-assisted lipotransfer: current concepts. Ann Chir Plast
Esthét. 2017;62:609–16.
125. Lu F, et al. Improvement of the survival of human autologous fat
transplantation by using VEGF-transfected adipose-derived stem cells. Plast
Reconstr Surg. 2009;124:1437–46.
126. Li L, Pan S, Ni B, Lin Y. Improvement in autologous human fat transplant
survival with SVF plus VEGF-PLA nano-sustained release microspheres: fat
transplant with SVF plus VEGF-PLA. Cell Biol Int. 2014;38:962–70.
127. Xu F, et al. Human breast adipose-derived stem cells transfected with the
stromal cell-derived Factor-1 receptor CXCR4 exhibit enhanced viability in
human autologous free fat grafts. Cell Physiol Biochem. 2014;34:2091–104.
128. Jiang A, Li M, Duan W, Dong Y, Wang Y. Improvement of the survival of
human autologous fat transplantation by adipose-derived stem-cellsassisted lipotransfer combined with bFGF. Sci World J. 2015;2015:1–7.
129. Dieudonné MN, Leneveu MC, Giudicelli Y, Pecquery R. Evidence for
functional estrogen receptors α and β in human adipose cells: regional
specificities and regulation by estrogens. Am J Physiol-Cell Physiol. 2004;286:
C655–61.
130. Luo S, et al. Adipose tissue-derived stem cells treated with estradiol
enhance survival of autologous fat transplants. Tohoku J Exp Med. 2013;231:
101–10.
131. Ko M-S, et al. Effects of expanded human adipose tissue-derived
mesenchymal stem cells on the viability of cryopreserved fat grafts in the
nude mouse. Int J Med Sci. 2011;8:231–8.
132. Kølle S-FT, et al. Enrichment of autologous fat grafts with ex-vivo expanded
adipose tissue-derived stem cells for graft survival: a randomised placebocontrolled trial. Lancet Lond Engl. 2013;382:1113–20.
133. Gentile P, et al. 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 Transl Med. 2012;
1:341–51.
134. Wang L, Luo X, Lu Y, Fan Z-H, Hu X. Is the resorption of grafted fat reduced
in cell-assisted lipotransfer for breast augmentation? Ann Plast Surg. 2015;
75:128–34.
135. Peltoniemi HH, et al. Stem cell enrichment does not warrant a higher graft
survival in lipofilling of the breast: a prospective comparative study. J Plast
Reconstr Aesthet Surg. 2013;66:1494–503.
136. Wu W, Niklason L, Steinbacher DM. The effect of age on human adiposederived stem cells. Plast Reconstr Surg. 2013;131:27–37.
137. Sasaki G, Water-Assisted H. Liposuction for body contouring and
lipoharvesting: safety and efficacy in 41 consecutive patients. Aesthet Surg
J. 2011;31:76–88.
138. Dos Anjos S, Matas-Palau A, Mercader J, Katz AJ, Llull R. Reproducible
volume restoration and efficient long-term volume retention after point-ofcare standardized cell-enhanced fat grafting in breast surgery. Plast Reconstr
Surg - Glob Open. 2015;3:e547.
139. Wang X, Simpson ER, Brown KA. Aromatase overexpression in dysfunctional
adipose tissue links obesity to postmenopausal breast cancer. J Steroid
Biochem Mol Biol. 2015;153:35–44.
140. Park J, Morley TS, Kim M, Clegg DJ, Scherer PE. Obesity and
cancer—mechanisms underlying tumour progression and recurrence. Nat
Rev Endocrinol. 2014;10:455–65.
141. Ghosh S, et al. Cell density-dependent transcriptional activation of
endocrine-related genes in human adipose tissue-derived stem cells. Exp
Cell Res. 2010;316:2087–98.
142. Waked K, Colle J, Doornaert M, Cocquyt V, Blondeel P. Systematic review:
the oncological safety of adipose fat transfer after breast cancer surgery.
Breast. 2017;31:128–36.
143. Petit JY, Maisonneuve P, Rotmensz N, Bertolini F, Rietjens M. Fat grafting
after invasive breast cancer: a matched case-control study. Plast Reconstr
Surg. 2017;139:1292–6.
144. Myckatyn TM, et al. Cancer risk after fat transfer: a multicenter case-cohort
study. Plast Reconstr Surg. 2017;139:11–8.
145. Silva-Vergara C, et al. Breast cancer recurrence is not increased with
lipofilling reconstruction: a case-controlled study. Ann Plast Surg. 2017;79:
243–8.

Fang et al. Stem Cell Research & Therapy

(2021) 12:8

146. Kronowitz SJ, et al. Lipofilling of the breast does not increase the risk of
recurrence of breast cancer: a matched controlled study. Plast Reconstr
Surg. 2016;137:385–93.
147. Petit JY, et al. Evaluation of fat grafting safety in patients with intra epithelial
neoplasia: a matched-cohort study. Ann Oncol. 2013;24:1479–84.
148. Nielsen HM, Overgaard M, Grau C, Jensen AR, Overgaard J. Study of failure
pattern among high-risk breast cancer patients with or without
postmastectomy radiotherapy in addition to adjuvant systemic therapy:
long-term results from the Danish Breast Cancer Cooperative Group DBCG
82 b and c randomized studies. J Clin Oncol. 2006;24:2268–75.
149. Lee JS, et al. Effects of stromal vascular fraction on breast cancer growth and
fat engraftment in NOD/SCID mice. Aesthet Plast Surg. 2019;43:498–513.
150. Mazur S, et al. Safety of adipose-derived cell (stromal vascular fraction –
SVF) augmentation for surgical breast reconstruction in cancer patients. Adv
Clin Exp Med. 2018;27:1085–90.
151. Calabrese C, et al. Oncological safety of stromal vascular fraction enriched
fat grafting in two-stage breast reconstruction after nipple sparing
mastectomy: long-term results of a prospective study. Eur Rev Med
Pharmacol Sci. 2018;22:4768–77.
152. Pérez-Cano R, et al. Prospective trial of adipose-derived regenerative cell
(ADRC)-enriched fat grafting for partial mastectomy defects: the RESTORE-2
trial. Eur J Surg Oncol EJSO. 2012;38:382–9.
153. Hoogduijn MJ, Lombardo E. Mesenchymal stromal cells anno 2019: dawn of
the therapeutic era? Concise review. Stem Cells Transl Med. 2019;8:1126–34.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 13 of 13

