Cancer and Metastasis Reviews (2022) 41:549-573
https://doi.org/10.1007/5s10555-022-10063-1

=

Check for
updates

The effect of obesity on adipose-derived stromal cells and adipose
tissue and their impact on cancer

Bruce A. Bunnell'® . Elizabeth C. Martin? - Margarite D. Matossian® - Courtney K. Brock® - Khoa Nguyen* -
Bridgette Collins-Burow” - Matthew E. Burow*

Received: 2 February 2022 / Accepted: 16 August 2022 / Published online: 24 August 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

The significant increase in the incidence of obesity represents the next global health crisis. As a result, scientific research
has focused on gaining deeper insights into obesity and adipose tissue biology. As a result of the excessive accumulation
of adipose tissue, obesity results from hyperplasia and hypertrophy within the adipose tissue. The functional alterations in
the adipose tissue are a confounding contributing factor to many diseases, including cancer. The increased incidence and
aggressiveness of several cancers, including colorectal, postmenopausal breast, endometrial, prostate, esophageal, hemato-
logical, malignant melanoma, and renal carcinomas, result from obesity as a contributing factor. The increased morbidity
and mortality of obesity-associated cancers are attributable to increased hormones, adipokines, and cytokines produced by
the adipose tissue. The increased adipose tissue levels observed in obese patients result in more adipose stromal/stem cells
(ASCs) distributed throughout the body. ASCs have been shown to impact cancer progression in vitro and in preclinical
animal models. ASCs influence tumor biology via multiple mechanisms, including the increased recruitment of ASCs to
the tumor site and increased production of cytokines and growth factors by ASCs and other cells within the tumor stroma.
Emerging evidence indicates that obesity induces alterations in the biological properties of ASCs, subsequently leading to
enhanced tumorigenesis and metastasis of cancer cells. As the focus of this review is the interaction and impact of ASCs on
cancer, the presentation is limited to preclinical data generated on cancers in which there is a demonstrated role for ASCs,
such as postmenopausal breast, colorectal, prostate, ovarian, multiple myeloma, osteosarcoma, cervical, bladder, and gas-
trointestinal cancers. Our group has investigated the interactions between obesity and breast cancer and the mechanisms that
regulate ASCs and adipocytes in these different contexts through interactions between cancer cells, immune cells, and other
cell types present in the tumor microenvironment (TME) are discussed. The reciprocal and circular feedback loop between
obesity and ASCs and the mechanisms by which ASCs from obese patients alter the biology of cancer cells and enhance
tumorigenesis will be discussed. At present, the evidence for ASCs directly influencing human tumor growth is somewhat
limited, though recent clinical studies suggest there may be some link.
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resistin, all produced by adipocytes. Adipokines play central
roles in the regulation of metabolism. Adipose tissue also
secretes numerous cytokines, including IL-6, TNF-a, IL-1p,
IL-8, and MCP-1, which are pro-inflammatory [5, 6]. These
cytokines are believed to be produced by the non-adipocyte
cells in the adipose depot. Historically, adipose tissue has
been categorized as either white adipose tissue (WAT) or
brown adipose tissue (BAT). However, three distinct types
of adipose tissue have been described in humans: white adi-
pose tissue (WAT), brown adipose tissue (BAT), and beige
adipose tissue.

Depending on their location and activity, WAT depots are
categorized as either visceral (around the organs) or subcu-
taneous (between the muscle and the dermal fascia). The
visceral WAT stores excess energy and provides physical
protection to the organs. WAT is composed of monolocu-
lar adipocytes and primarily functions as an energy storage
depot that also produces adipokines. The principal function
of subcutaneous WAT is to store excess triglycerides and
release free fatty acids during extended periods of fasting,
starvation, or exercise. It has also been suggested that sub-
cutaneous WAT functions as a buffer during the intake of
dietary lipids to protect the organs against the lipotoxicity
of free fatty acid oxidation [7].

In contrast, BAT, which is rich in mitochondria, oxidizes
chemical energy to produce heat, through the actions of
mitochondrial uncoupling protein-1 (UCP1), as a defense
against hypothermia [8, 9]. The thermogenic regulation of
BAT can be induced by shivering and non-shivering mecha-
nisms. BAT is abundant in infants, but as humans age BAT
levels decrease. In adults, BAT is primarily located in the
supraclavicular, paravertebral, mediastinal, para-aortic, and
suprarenal regions of the body. Adipocytes in brown adipose
tissue are more closely related to skeletal muscle than in
white adipose tissue [10-12].

Beige (“brite” or “brown/white”) adipose tissue appears
to be a hybrid between white adipose tissue and brown adi-
pose tissue, the biologic capabilities of both. It functions
for energy storage, but it can express UCP1, which indi-
cates that it can have thermogenic activity. Unlike classical
BAT, which is derived from a myogenic factor 5 (MYF5)
muscle-like cellular lineage, the beige adipocytes lack Myf5
expression. From a developmental perspective, it appears
to be most similar to white adipose tissue [13, 14]. Beige
adipose depots are often located in the same regions where
white adipose depots are found [15, 16].

2 Mesenchymal stromal cells
Mesenchymal stromal cells, also known as multipotent stro-

mal cells or medicinal signaling cells (MSCs), are localized
throughout the body. They have been described as cellular
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components of most major organ systems. MSCs are cur-
rently under development as therapeutic candidates for many
human diseases. Their therapeutic potential is derived from
their natural ability to maintain tissue homeostasis as part
of their native biology. MSCs can sense and respond to sig-
nals within the body and migrate to areas of tissue injury to
facilitate repair [17—19]. Upon arrival to the area of damage,
MSC may differentiate into components of the injured tissue.
However, data supporting differentiation as a primary repair
mechanism mediated by MSCs is minimal. However, MSCs’
primary therapeutic effects lie in their potent immunomodu-
latory effects and ability to secrete factors that promote tis-
sue repair [20, 21].

The two main questions concerning adult stem cell
sources are the specifics of the physiology of the cell donor
and the tissue location from which the cells are isolated.
With regard to location, bone marrow is the most common
source of MSCs currently under investigation in preclinical
and clinical trials. However, MSCs have been isolated and
characterized from various tissue sources, including bone
marrow, adipose tissue, umbilical cord, dental pulp, pla-
centa, amniotic fluid, and Wharton’s jelly [22-25].

3 Adipose tissue-derived mesenchymal
stromal cells (ASCs)

In contrast to bone marrow, MSCs can be isolated from
subcutaneous adipose tissue with few potential complica-
tions and a significantly increased yield in cell numbers
compared to bone marrow isolation. The most common
source of adipose tissue processed for ASC isolation is sub-
cutaneous white adipose tissue isolated from the abdomen,
thigh, or hips/buttocks, generally during plastic surgery.
While adipose tissue is composed primarily of mature adi-
pocytes, considerable cellular heterogeneity can be found
in all depots. The diverse populations of cells found in adi-
pose tissue depots include preadipocytes, pericytes (3—5%),
endothelial cells (10-20%), granulocytes (10-15%), mono-
cytes (5-15%), and lymphocytes (10-15%) and adipose tis-
sue—derived mesenchymal stem cells (ASCs, 15-30%) [26].
Together, these cells make up a communication network that
regulates the activity and function of adipose tissue depots.
In addition, ASCs are routinely isolated from adipose tis-
sue’s stromal vascular fraction (SVF). The SVF is generated
by processing adipose tissue, generally collected by liposuc-
tion, collagenase digestion, and centrifugation, resulting in
the removal of the mature adipocytes, debris, and free lipid.
Thus, the SVF contains circulating blood cells, fibroblasts,
pericytes, endothelial cells, and ASCs [26]. The ASCs are
generated by plating the SVF cells, allowing the adherent
ASCs to expand. ASCs are a relatively homogenous popula-
tion of spindle-shaped, fibroblast-like cells that are expanded
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out after 7-14 days of culture after SVF is plated onto stand-
ard cell culture surfaces. ASCs are capable of long-term
expansion in vitro to large numbers and cryopreserved for
future use. Over 400,000 liposuction procedures are per-
formed annually, with up to 3 L of lipoaspirate discarded
after each procedure, ensuring an ample supply of starting
material from which to isolate the ASCs.

ASCs are ideal candidates for use in tissue engineering
and regenerative medicine applications, as they have been
reported to differentiate into multiple cell types, including
mesodermal origin cells and tissues such as osteocytes,
chondrocytes, and adipocytes. However, one of the most
potent properties of ASCs is their inherent ability to modu-
late immune system activity in inflammatory environments
[27-31]. ASCs have been shown to influence the functional
properties of primary immune cells, either through direct or
indirect interactions. One of the initial discoveries that ASCs
influence the biology of immune cells was their ability to
alter T cell activity in vitro and in vivo [32-36]. ASCs also
inhibit B-cell proliferation and the production of immuno-
globulins and suppress B-cell functions [37, 38]. In addition,
ASCs also efficiently inhibit natural killer cell activation,
resulting in impaired cytotoxicity processes [39-41]. The
anti-inflammatory properties of ASCs also impact mac-
rophages. The introduction of ASCs into an inflammatory
environment shifts the balance of pro-inflammatory (M1)
macrophages and anti-inflammatory (M2) macrophages both
in vitro and in vivo [42, 43]. Exposure of macrophages to
ASCs or conditioned media from ASCs increases the num-
ber of macrophages expressing proteins of M2 lineage cells,
such as CD206 and Argl. It decreases the levels of pro-
inflammatory mediators such as IL-6, IL1b, and MCP1 in
the macrophages.

The cell surface cluster of differentiation (CD) antigens
found on ASCs has been described. Many of the CD anti-
gens analyzed are canonical markers for mesenchymal stem
cells. To date, no ASC-specific CD marker or antigen has
been described that identifies a cell as an ASC. In general,
analysis of both positive and negative CD antigens ensures
that the isolated cells are mesenchymal stem cells and that
other cell lineages are not contaminating the preparation.
Human ASC expresses the traditional mesenchymal stem
cell surface markers, including the cell adhesion molecules
CD29, CD44, CD146, and CD166; the receptor molecules
CD90 and CD105; and the GPI anchored enzyme CD73. In
addition, ASC should not express hematopoietic lineage cell
surface antigens, such as CD11b, CD13, CD14, CD19, and
CD45. They are also negative for the endothelial markers
CD31 and HLA-DR [26]. ASC are often reported to express
CD34 in low-passage cultures. However, the expression
decreases with the serial passage of the cells [44, 45]. The
expression of CD34 is dependent on the passage number
and the culture conditions used. In addition, ASCs do not

express the adhesion marker CD106 or the sialoglycopro-
tein podocalyxin (PODXL), which makes them unique from
bone marrow-derived MSCs (BMSCs) [26].

ASCs are considered relatively immune-privileged
because they do not express HLA-DR (major histocompat-
ibility complex class II, MHC II) and low levels of MHC
class I, which provides them with reduced immunogenic
levels in vivo [46, 47]. In addition, ASCs do not express the
primary costimulatory molecules for T and B cells, includ-
ing CD80, CD86, CD40, and CD40L. A significant amount
of data demonstrates this when ASCs are tested in mixed
lymphocyte reactions (MLR) in vitro. However, despite
the general thought that ASCs may be immune-privileged,
studies have failed to demonstrate long-term persistence fol-
lowing infusion in vivo in any model. Additionally, ASCs
have recently been shown to induce complement pathways
in vivo, suggesting that they are not entirely immune evasive.

The ability to effectively isolate, efficiently expand, and
cryopreserve ASCs has permitted researchers to generate
banks of cell lines from numerous adipose tissue depots
independent of age, gender, disease state, or obesity status.
Much of our understanding of ASC biology and function
has resulted from direct comparisons of the properties of
ASCs from various donor types that have been made both
in vitro and in vivo.

4 Obesity and health consequences

Currently, over 42% of adults in the USA are obese, and
the incidence of severe obesity (typically represented
by a body mass index (BMI) of 40 or more) continues to
increase (https://www.cdc.gov/nchs/data/databriefs/db360-h.
pdf). According to the World Health Organization statis-
tics, obesity rates across the globe have nearly tripled since
1975. It is estimated that approximately 39% of adults are
overweight and 13% are obese, and the incidence in chil-
dren is climbing rapidly (https://www.who.int/news-room/
fact-sheets/detail/obesity-and-overweight). The distinction
between being overweight and obese is determined by the
BMI, calculated based on the height and weight of an indi-
vidual. For example, an individual with a BMI of 24.9 to
29.9 is considered overweight. In contrast, a person with a
BMI greater than 30.0 is defined as obese. While all adipose
depot sites can increase in volume, only WAT accumulation
and expansion correlate with the increased risk of develop-
ing numerous diseases, including heart disease, metabolic
syndrome, stroke, and cancer [48-50]. The World Cancer
Research Fund has pioneered meta-analyses addressing
the impacts of obesity on cancer incidence and mortality.
They have released three reports describing the associa-
tion between food, nutrition, and cancer (www.wcrf.org).
The initial report released in 1997 spurred intense research
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interest in the connections between obesity, nutrition, and
cancer. The research resulted in a follow-up report that was
a collaborative effort between the World Cancer Research
Fund (WCREF) and its affiliates, including the American
Institute for Cancer Research (AICR). The second report
summarized the new evidence linking obesity and physical
activity; food, nutrition, physical activity, and cancer. The
third report, published in 2020, presented a follow-up assess-
ment and interpretation of the rapidly expanding scientific
literature on diet, nutrition, physical activity, and cancer. The
core message from these reports indicates that high levels
of adiposity and obesity drive increased rates of multiple
cancers, including colorectal, postmenopausal breast, and
renal carcinomas. Furthermore, additional linkages between
obesity and cancer have been identified in both sexes, includ-
ing endometrial, prostate, esophageal cancers, malignant
melanoma, and hematological malignancies [51-58].

While several factors increase the incidence of breast
cancer, obesity is one of the most critical risk factors for
breast cancer in postmenopausal women. Multiple studies
have demonstrated that postmenopausal breast cancer posi-
tively correlates with a high-BMI. Approximately 18-20%
of postmenopausal breast cancer cases are attributable to
obesity [57, 58]. The data suggests an increased incidence
of breast cancer in obese patients, especially for estrogen
receptor-positive (ER™) tumors [59]. Obesity in breast can-
cer patients is also associated with poor prognosis, increased
risk of recurrence, resistance to chemotherapy, and worsened
outcomes for pre- and postmenopausal women [60-62]. Sur-
prisingly, these statistics suggest that obesity is the primary
risk factor for postmenopausal breast cancer deaths in the
USA [63]. Furthermore, it is correlated with the incidence
of breast cancer and mortality due to poor prognosis and
outcomes [64—67]. Obesity affects the prognosis by multiple
mechanisms, including enhanced tumorigenesis, metastasis,
and drug resistance [68, 69]. Furthermore, recent studies
have demonstrated a stronger correlation between abdominal
obesity and breast cancer [70-72]. To understand the tumor-
promoting factors in obese tissue that alter cancer progres-
sion, individual groups have focused on ASCs.

5 Impacts of obesity on ASCs

Data suggest that the adipose tissue environment in obese
adults alters the biology of ASCs. Obesity alters the physi-
ology of adipose tissue, resulting in a local environment of
chronic inflammation, high levels of immune cells, hypoxia,
and altered production of adipokines. The obesity-associated
physical expansion of adipose tissue increases the distance
between the adipocytes and the vasculature, resulting in
localized hypoxia because the adipocyte expansion exceeds
the diffusion distance of oxygen with the tissue [73, 74].
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The oxygen content in obese adipose tissue is nearly zero
at distances of 100 pm or more from the vasculature, indi-
cating that the local environment of obese adipose tissue
is potently hypoxic [75]. Despite the substantial increase
in adipose tissue volume associated with obesity, neither
cardiac output nor total blood flow to the adipose tissue
increases [76, 77]. In obese mice, reduced blood perfusion
and hypoxia appear to be limited to WAT [78]. The hypoxic
environment in obese adipose tissue results in increased
hypoxia-induced factor 1-alpha (HIF-1a) and increased
angiogenesis; however, the response cannot compensate for
the growing adipocytes, resulting in chronic inflammation
[79, 80]. Chronic low-grade inflammation may result in high
levels of pro-inflammatory cytokines, chemokines, protease,
and protease inhibitors.

Zhang and colleagues revealed that a higher number of
ASCs could be isolated from the WAT of obese mice than
in lean mice, possibly due to the increased volume of WAT
in obese mice [81]. Consistent with Zhang et al., Bellows
and colleagues found an increased frequency of ASCs in
the circulation of obese patients compared to lean patients
[82, 83]. In addition, ASCs isolated from obese women have
an increased potential to traffic the tumor compared to the
ASCs isolated from lean women [84].

ASCs isolated from donors with different BMIs display
marked differences in their secretome, angiogenic potential,
and migration/invasion capacities [84, 85]. ASCs isolated
from abdominal subcutaneous adipose tissue of obese indi-
viduals demonstrated increased migration/invasion result-
ing from inherent increases in the expression of calpain-4,
calpastatin, and MMP-15 [84]. Our group data also indicates
that the levels of pro-inflammatory cytokines produced by
ASCs from obese individuals are markedly upregulated,
such that ASCs from obese donors may contribute to the
inflammatory environment in obesity [86].

Our studies also demonstrate that obesity alters the gene
expression profile of ASCs (Fig. 1). Gene expression of
ASCs from obese donors revealed marked upregulation in
the mRNA for leptin (LEP), leptin receptor (LEPR), sor-
tilin 1 (SORT1), thyrotropin-releasing hormone (TRH),
melanin-concentrating hormone 1 (MCHR1), peroxisome
proliferator-activated receptor-gamma (PPAR-y), peroxi-
some proliferator-activated receptor-gamma coactivator
1-a (PPARGC1A), and thyroid hormone receptor-f (THRB)
[86]. ASCs from obese donors produce high levels of pro-
tumorigenic factors, including leptin, IL-1, IL-6, IL-12,
PDGF-A, TNF-a leukemia inhibitory factor (LIF), inter-
cellular adhesion molecule 1 (ICAM-1), and granulocyte-
colony stimulating factor (GCSF) compared to ASCs from
lean individuals [87].

In preclinical models, obesity also increases the capacity
of ASCs to differentiate into cancer/carcinoma-associated
fibroblasts, or CAFs. CAFs are found in more invasive
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Fig.1 Adipose stromal cells (ASCs) possess distinct biologic prop-
erties as a consequence of being localized the obese adipose tissue
and contribute to worse outcomes for breast cancer. In the context of
healthy adipose tissue, adipose stem cells primarily possess an anti-
inflammatory gene expression profile when activated, have normal
levels of metabolic function and have decreased ability to differenti-
ate into cancer-associated fibroblasts (CAFs). However, ASCs from
lean donors stimulate the growth of BC cell lines in vitro and tumo-
rigenicity of xenografted tumors in vivo. ASCs isolated from subcu-
taneous adipose tissue of obese individuals have disparate biologic

tumors and enhance cancer cell proliferation, invasion, and
metastasis [88, 89]. Obesity exacerbates this trend: follow-
ing exposure to breast cancer cells, obese ASCs expressed
higher CAF markers, including alpha-smooth muscle actin
(a-SMA), NG2, FAP, and FSP, compared to ASCs from lean
individuals [90]. This is another example of how crosstalk
between breast cancer cells and stromal cells creates a pro-
tumor environment: cancer cells transform stromal cells into
CAFs, and CAFs secrete unique cytokines and growth fac-
tors, such as CXCL12, VEGF, PDGF, and hepatocyte growth
factor [91]. Co-culture with obese ASCs resulted in breast
cancer cells having increased mesenchymal phenotype and
proliferative capacity compared to those cultured with lean
ASCs, indicating an increased tumor growth and metastasis
capacity. Furthermore, substantial evidence demonstrates
that CAFs are essential regulators of the cancer immune
response and promote immune evasion of cancer cells [92].
Together, these studies highlight the ability of obese ASCs

properties including the increased production of pro-inflammatory
cytokines, enhanced pro-tumorigenic signaling, increased ability
to become CAFs and enhanced ability to mediate remodeling of the
tumor extracellular matrix (ECM). The ASCs isolated from obese
adipose tissue reservoirs express pro-tumorigenic elements such lep-
tin, resistin, IL-6, CXCL5, TNF-a, and MCP-1, which mediate the
migration, invasion, and metastasis of tumor cells. ASCs from obese
donors markedly increase the growth of BC cell lines in vitro and
enhance both the tumorigenicity and metastasis of cancer cells in
xenografted tumors in vivo

to remodel the tissue environment, specifically eliciting
enhanced remodeling in the obese tumor environment.

6 Obesity impacts on extracellular matrix
(ECM) in adipose tissue

Tissues are composed of an array of structural proteins that
provide support and scaffolding to resident cells. Addition-
ally, matrix proteins mediate essential processes, including
cell adhesion, cell recruitment, biomechanical signals, and
serve as a reservoir for growth factors. Previous studies
have reviewed and identified the matrix composition of
adipose tissue. The adipose tissue matrix comprises fiber-
forming collagens (I, II, III, V), basement membrane (col-
lagen IV), fibronectin, laminins, and filament-forming col-
lagen, collagen VI [93, 94]. From these reviews, it has
been highlighted that collagen VI, in particular, is collagen
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specific for adipocytes [93, 95]. Diseases such as cancer
and obesity can result in extensive matrix remodeling
regarding molecular composition, mechano-transduction,
and fiber orientation [96—100]. To date, meaningful paral-
lels exist between the obese tissue and the cancer matrix
[97]. Specifically, both tissue environments possess altera-
tions that favor the release of pro-inflammatory signals
(TGF-B, MCP1), M2 macrophage recruitment, stiffening
of the matrix, and enhanced expression of matrix proteins
that promote stemness [96, 97, 100, 101]. Recent reviews
on obesity and tumor matrix have highlighted the parallels
of matrix stiffening between obese tissue and tumors [97].
Recently, the matrix proteins enhanced in obese tissues
have been reviewed [93, 94]. It is well documented that
collagen VI is an essential mediator of adipocyte growth
and is markedly improved in obese tissue [93-95]. One
study has observed COL6A3 as being repressed in tis-
sue samples and that leptin negatively regulated COL6A3
expression [102]. Others have suggested that this may
partly be due to visceral/omental and subcutaneous fat
differences. Apart from this study, the collagen VI genes
elevated in obesity demonstrate COL6A3 to have excep-
tionally high levels in human adipose tissues [95]. Studies
in obese mouse models and in vitro studies in 3T3-LT
cell lines indicate that collagen VI regulates adipocyte
stress forces, adipocyte size, and adipogenic differentia-
tion [103, 104]. This is observed through knockout experi-
ments that show that loss of collagen VI in obese mouse
models resulted in an increased adipocyte size [103].
The decreased stress on adipocytes mediated by the loss
of matrix tension forces around the adipocyte results in
increased size, reduced inflammatory profile, and loss of
immune recruitment, specifically decreased infiltration of
macrophages. In accordance with this, others have dem-
onstrated that collagen VI is associated with inflamma-
tion and macrophage regulation, precisely that collagen VI
expression enhances the generation of the M2 phenotype
[95, 105]. Specifically, high levels of COL6A3 are associ-
ated with increased macrophage presence in adipose tis-
sue, which was evident through staining CD68-positive
macrophages in human adipose tissue [95]. Further studies
comparing obese and lean human tissues demonstrated that
obese tissue samples had elevated collagen VI and mac-
rophage levels, evident through enhanced expression of
CD68 mRNA levels [106] and CD68™ cells [95]. Knocking
out the expression of COL6A3 in 3T3-L1 adipocytes and
obese mice resulted in inflammation loss [104]. In vitro
co-culture studies show that collagen VI production is
enhanced through the co-culture of M2 macrophages with
adipocytes [105]. Given the positive correlation between
the expression of collagen VI and M2 macrophage recruit-
ment, it is not surprising that collagen VI is identified as
being associated with cancer progression [107-109].
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Collagen VI and its role in cancer have recently been
reviewed [107]. Collagen VI level is elevated in colon,
breast, pancreatic, and ovarian tumors. In breast cancer,
collagen VI expression was observed near adipocytes. The
invasive tumor front and RNA sequencing demonstrated
that COL6A1 and COL6A3 RNA expression is associated
with poor patient survival in ER-negative patient samples
[107, 110]. Collagen VI is currently well described as
being highly expressed in obese fibrotic tissues compared
to lean and aiding as a mediator for M2 immune recruit-
ment and pro-inflammatory adipokine and TGF-f release
[106]. Tumors are often described as wounds that never heal,
with increased regions of fibrosis and recruitment of M2
macrophages [111, 112]. Furthermore, tumors demonstrate
a similar role for collagen VI in macrophage recruitment
and inflammation through the regulation of the TGF-f axis
[107]. Therefore, it may be interesting to determine if there
is a role for collagen VI expression, macrophage recruit-
ment and release of TGF-p, and adipocyte release of pro-
inflammatory adipokines such as MCP in solid tumors [107].
Currently, collagen VI is a suggested therapeutic target for
fibrosis in other diseases [113]. In addition to modulating
immune recruitment, recent studies have demonstrated that
collagen VI has an observed role in cancer stemness [109]
in ovarian cancer [109]. It is associated with increased inva-
sion, where COL6A3 KO resulted in the loss of cell invasion
of SKOV3 cells [109]. Evaluation of breast cancer tumors
demonstrated that more aggressive tumors had elevated stiff-
ness at the stromal interface and more aggressive phenotypes
were associated with increased macrophage infiltration and
TGF-p signaling [114].

Additional collagen proteins are observed to be elevated
in obese tissues. In normal tissues, collagen V and IV act as
regulators of adipogenesis [94]. The basement membrane
collagen IV is elevated in obese tissue samples derived from
subcutaneous adipose tissue compared to lean tissue. Studies
in breast cancer in vitro have demonstrated that collagen IV
regulates proliferation in ER* breast cancer cells [110]. Sim-
ilar to collagen VI, collagen IV expression correlated with
TGEF-B1 expression [115]. Collagen V is elevated in obese
tissue samples and is associated with M2 macrophages,
which induce collagen V expression in adipocytes [106].
High-COL5A1 and 5A2 mRNA expression in breast can-
cer is associated with poor patient survival in ER-negative
tumors [110].

Periostin (POSTN) is elevated in the visceral fat of mice
fed a high-fat diet (HFD) and is a regulator of obesity inflam-
mation [116]. Mice fed a HFD that did not express POSTN
had larger adipocyte size and decreased pro-inflammatory
gene expression levels of MCP1 and TNFa compared to
wild-type mice on a HFD. Similar to other obesity-associ-
ated matrix proteins, POSTN is associated with macrophage
recruitment. However, unlike collagens V and VI, POSTN
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production is believed to be mediated by macrophages and
not adipocytes and macrophages use POSTN production for
cellular motility.

Other matrix proteins observed to be elevated in obese
tissues are those commonly associated with fibrosis (col-
lagen I, fibronectin, and hyaluronic acid) [97]. Cancer ECM
has been well described and characterized as a mediator of
breast progression primarily through matrix density and
stiffness [117, 118]. A recent review highlights that for all
ECM proteins associated with increasing stemness, of inter-
est to obesity, ECM proteins elevated in obese tissue are
observed to regulate stemness [108]. Collagen type IV, COL
VI, POSTN, TNC promoted in obese tissue visceral adi-
pose tissue-linked with inflammation [119]. To date, paral-
lels exist between matrix remodeling in obesity and cancer.
Furthermore, many matrix proteins enhanced in obese tis-
sues promote immune macrophage recruitment and cancer
stem-like phenotypes. A deeper understanding of the obese
tissue matrix will help determine whether obesity increases
the severity and tumorigenesis of certain cancers.

7 ASCs are components of the tumor stroma

The microenvironment of a tumor is a highly complex net-
work comprised of extracellular matrix (ECM), fibroblasts,
and a variety of nonmalignant cell types, including immune
system cells, cancer-associated fibroblasts (CAFs), myofi-
broblasts, vascular cells, and mesenchymal stromal cells.
ASCs are an integral component of the tumor microenvi-
ronment (TME) [120-124]. It is clear that cell-cell and
cell-ECM interactions are bidirectional and result in altera-
tions to the gene expression profiles and biological activities
of cancer cells that drive tumorigenesis, metastasis and, in
some cases, chemoresistance. For example, ASCs and their
derived products mediate critical endocrine signaling func-
tions that contribute to normal breast physiology and cancer-
associated pathological processes [125, 126]. ASCs play a
central role in tumorigenesis, tumor growth, and metastasis
by producing trophic factors secreted into the local micro-
environment and interacting with tumor cells and immune
system cells in various cancer types.

The inherent immunomodulation properties of ASCs are
integral to cancer progression. Tumors represent non-healing
wounds that usurp the innate wound healing response to
promote growth [127, 128]. Interactions with the immune
system have direct effects on tumorigenicity and growth.
For example, regulatory T cells (CD4*CD25*FoxP3* cells)
that protect the host from autoimmune disease generation
are often hijacked by cancers to suppress tumor-associated
immune activity [129]. As discussed above, ASCs drive the
generation of T regulatory cells in vivo.

ASCs can be mobilized and recruited to the tumor from
local and distant WAT depots. Upon reaching the tumor,
some of the ASCs are converted to CAFs and others remain
ASCs, and both are integrated into the tumor stroma [130,
131]. In an elegant study, Zhang and colleagues demon-
strated that ASCs are effectively recruited to xenografted
tumors via systemic circulation, where they persist and pro-
mote tumor growth. The tumor produces CXCL1 and CXCL
8, which drives the ASC migration via CXCR1 and CXCR2
to tumors [132]. CAFs play a key role in the biology and
severity of the tumor. More aggressive cancers have a higher
number of CAFs [133-136]. CAFs originate from diverse
cell populations, including normal-resident fibroblasts and
ASCs; these cells are transformed into CAFs when exposed
to tumor-derived factors [92, 137]. ASCs exposed to cancer
cells or tumor cell-conditioned media express tenascin-C
and a-SMA, characteristic of CAFs [131]. Evidence from
tumor xenograft model studies reveals that bone marrow-
derived mesenchymal stem cells are recruited, or home to
tumors upon injection in vivo and persist within the tumors
[138—141]. In vivo studies have confirmed that simultane-
ous co-injection of primary breast cancer and ASCs into
nude mice results in the integration of ASCs into the tumor
stroma, thereby increasing tumor volume and vascularity
[142-144].

Not all recruited ASCs are converted to CAFs. Tumor-
associated ASCs can influence the growth rate, aggressive-
ness, tumor cell migration, invasion, and metastasis via
their secretome. ASCs secrete high levels of tumorigenic
factors, cytokines, and growth factors within the TME,
including leptin, IL-6, C-X-C motif chemokine ligand 4
(CXCL4), CXCL5, vascular endothelial growth factor
(VEGF), and platelet-derived growth factor (PDGF) [87].
ASCs, respond to the breast cancer-derived secretome by
increasing the expression of multiple tumor-promoting
factors, including stromal cell-derived factor 1 (SDF-1,
CXCL12), vascular endothelial growth factor (VEGF),
chemokine ligand 5 (CCLYS), platelet-derived growth factor
D (PDGF-D), and transforming growth factor-beta (TGF-f)
[130, 131, 145-148]. ASCs participate in the recruitment of
macrophages to the tumor by releasing chemokine ligand
2 (CCL2). Once in the tumor, the macrophages produce
CXCL12 to promote growth by enhancing tumor-associated
angiogenesis [149]. ASCs also secrete various pro-angio-
genic growth factors and chemokines, including VEGF,
bFGF, c-kit, PDGF, and SDF-1, allowing increased blood
supply to support tumorigenesis [150-154]. ASCs produce
large amounts of extracellular matrix molecules. Evidence
shows that ASC-produced fibronectin alters breast ECM
stiffness in breast cancer tumors [155]. ASCs also alter the
ECM with the tumors by promoting myofibroblast differen-
tiation via mechano-transduction [96].
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Additionally, it has been demonstrated that ASCs enhanced
the migration of several different cancers, including breast,
colon, prostate, gastric, and head and neck tumors [137, 142,
156-159]. In addition, data indicate that implanting spheroids,
or organoids, formed with breast cancer cells and ASCs in
vivo increased the number of lung metastases [160—162].
The evidence indicates that ASCs are recruited to the tumor
microenvironment, enhancing the tumorigenicity (cancer cell
proliferation), metastasis, and potentially angiogenesis within
the tumor.

8 Impacts of ASCs on tumor ECM

ASCs have also been shown to express extracellular matrix
remodeling proteins and upregulate these proteins’ expres-
sion by cancer cells. Remodeling proteins, such as MMP-
2, MMP-9, and tissue inhibitor metalloprotease 1 (TIMP-
1), are associated with tumor progression and metastasis
[163, 164]. Specifically, MMP-2 and MMP-9 are proteolytic
enzymes that digest-type IV collagen, a principal constitu-
ent of the basement membrane; invasion through the base-
ment membrane is essential in metastasis, particularly for
epithelial tumors (carcinomas) [165-167]. TIMPs are tissue
inhibitors of MMPs. These proteins not only inhibit MMPs
and can play an inhibitory role in cancer but also have been
shown to promote some aspects of cancer [168, 169]. For
example, TIMPs have increased cell proliferation and pro-
moted angiogenesis [169, 170].

ASC-conditioned media induced fibronectin expression,
a-SMA, and vimentin in breast cancer cells, which are mark-
ers of EMT [146]. These results correlated with increased
expansion of CD44 high/CD24 low cancer stem cells (CSCs)
and anchorage-independent growth of cancer cells, leading
to EMT of cancer cells [146]. Furthermore, an association
between CCLS5 secretion by ASCs and elevated levels of
MMP-9 activity within the tumor microenvironment has
been described, leading to increased tumor invasion [171].
ASC-derived IL-6 and IL-8 have also increased migration,
invasion, and anchorage-independent growth of breast can-
cer cell lines, including MDA-MB-231, T47D, and MCF7
cells [158, 172]. These initial studies laid the groundwork
for the TME and ASCs in regard to tumor growth and pro-
gression. Since this time, additional studies by us and others
have further defined the role ASCs play in enhancing can-
cer progression. Including identifying ASCs as mediators of
metastasis and drug resistance.

9 Breast cancer
Breast cancer (BC) accounts for approximately 30% of all

new cancer diagnoses in women and is the most frequently
diagnosed cancer in women worldwide [173, 174]. Within
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the USA, breast cancer incidence rates continue to increase
by 0.5% per year, partially due to declines in fertility and
increased body weight [174]. Furthermore, the declining
mortality rates in previous years slowed in 2021 due to rap-
idly rising distant-stage breast cancer in younger age groups
[173, 175]. BC is broadly categorized (1) based on recep-
tors expressed by breast tumors or (2) molecular intrinsic
subtypes, representing the heterogeneity within this cancer
type. Clinical subtype classification is based on the expres-
sion or amplification of receptors within breast cancer cells:
estrogen receptor-positive (ER™) and HER2/Neu receptor
amplified subtypes can be treated with HER2/Neu-targeted
or endocrine-targeted therapies, while triple-negative breast
cancer (TNBC) is the umbrella term for the remaining breast
cancer subtypes [176]. Molecular intrinsic subtypes of breast
cancers classify tumors based on the expression of gene and
protein patterns that dictate tumor behavior and better rep-
resent the intra-tumoral and environmental heterogeneity of
breast cancers [177, 178]. TNBC and the basal-like molecu-
lar subtypes of breast cancer are biologically and clinically
aggressive, with high metastasis rates, drug resistance, and
tumor recurrence [179]. Metastatic breast cancer is often
treated palliatively to prolong life [176]. Chemotherapy
is the mainstay of treatment for early-stage and advanced
TNBC disease, often accompanied by radiation and/or sur-
gical resection [180, 181]. Regardless of treatment, residual
disease after completion of chemotherapy dictates progno-
sis, survival, and recurrence [180]. The presence of residual
disease and both acquired and inherited resistance to chemo-
therapy regimens and targeted therapies remains a difficult
obstacle in the discovery of effective therapeutic regimens
for all subtypes of breast cancer.

Environmental and epidemiologic factors contributed
to the development and progression of breast cancer and
acquired and inherited genetic mutations. Modifiable risk
factors include diet, alcohol, physical activity, BMI, and
smoking in all breast cancers. Non-modifiable risk factors in
all cancers include older age, White ethnicity, and postmeno-
pausal status [182, 183]. These risk factors vary depending
on the specific subtypes of breast cancer (e.g., ER*, HER2",
TNBC). For example, in TNBC cases, there is a greater
incidence in women under the age of 40 [184]. Addition-
ally, women with TNBC were significantly more likely to
be non-Hispanic Black or Hispanic [184]. Non-Hispanic
Black women with late-stage TNBC have the worst overall
survival (5-year survival of 14%) compared to women of
other ethnicities [184]. Across all age groups in the USA,
Black women are more likely to have TNBC compared to
White populations [185]. Other epidemiologic risk factors
for TNBC include reproductive factors such as younger ages
at menarche and first full-term pregnancy, higher parity, and
shorter duration of breastfeeding [186]. Higher body mass
index and waist-to-hip ratio have also been associated with
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increased incidence of breast cancer throughout all subtypes,
demonstrating that obesity and the presence of adipocytes
and the inflammatory process may play significant roles in
the progression of the disease [72, 187].

10 The impact of leptin expression
on cancer

The gene expression profiles have been compared as part of
the analysis of ASCs from lean and obese donors. Our analy-
sis revealed that leptin was one of the most differentially
expressed genes in ASCs from obese donors, upregulated
more than 200-fold and leptin expression appeared to be
regulated by exposure to estrogen [86]. Leptin is an adi-
pokine produced primarily in WAT that regulates energy
balance. Leptin production and secretion follow circadian
rhythm patterns and fluctuate according to nutritional sta-
tus. The expression levels of leptin vary in proportion to the
amount of adipose tissue, with higher expression levels at
increased BMIs. The physiologic activity of leptin is broad,
with its primary activity being the regulation of energy
homeostasis, but it also has a role in neuroendocrine func-
tion, metabolism, regulation of immune function, and bone
metabolism [188, 189]. In addition, leptin is an anorexigenic
and pro-inflammatory factor that links the neuroendocrine
and immune systems.

Leptin impacts several cancer types, including bladder,
lung, breast, prostate, testicular, ovarian, large B-cell lym-
phoma, mesothelioma, pancreatic, kidney, colorectal, liver,
AML, and thyroid cancer [190]. Increased leptin and leptin
receptor expression are associated with worse prognosis,
increased morbidity, mortality, metastasis, and cancer recur-
rence [191-194]. Leptin enhances proliferation, migration,
and invasion of cancer cells while decreasing their adhe-
sion and apoptosis. Leptin also enhances angiogenesis and
inflammation in tumors [195, 196].

Leptin levels have been linked to breast cancer aggres-
siveness and epidemiological studies have demonstrated
worse clinical outcomes in breast cancer patients with ele-
vated leptin levels [197-200]. Exogenously delivered lep-
tin has been shown to increase the proliferation of breast
cancer cells [201-205]. Leptin upregulates aromatase and
ERa, likely targeting the estrogen axis [206, 207]. Leptin
promotes the survival of cancer cells by activating multiple
signaling pathways. In breast cancer cells, leptin functions
through the JAK2-STAT3, PI3K-AKT, ERK1/2, and acti-
vator protein 1 (AP-1) pathways, increasing the expression
of proteolytic enzymes that are required in tumor growth,
metastasis, and neoangiogenesis [208-210]. In estrogen
receptor-positive human breast cancer cell lines, leptin has
been shown to exert its influence through the activation of

the MAPK pathway [208]. Thus, high levels of leptin result-
ing from obesity may increase breast cancer incidence.

11 ASCs and breast cancer

Numerous studies have demonstrated a positive correlation
between adult BMI and postmenopausal breast cancer and
an increased incidence of breast cancer, especially for ER*
tumors [59]. ASCs enhance the growth and proliferation of
breast cancer cells, regardless of whether they originate from
lean or obese donors [158, 160, 211] (Fig. 1). In addition,
ASCs increase a murine breast cancer cell line’s prolifera-
tion and enhance cancer cells’ invasion and metastasis [160].
Utilizing ASCs isolated from the breast and abdominal adi-
pose tissue, Walter and colleagues demonstrated that the
secretion of IL-6 from ASCs enhanced the migration and
invasion of breast cancer cells in vitro [158].

Studies have described the interaction between ASCs and
breast cancer cells, but only recently have the mechanism(s)
of this interaction been thoroughly investigated. While all
ASCs enhance the growth of breast cancer cell lines and
tumors, our group and others have reported that ASCs from
obese individuals have novel biology resulting from the
obese environment in adipose tissue that drives cancer to
even worse outcomes. Evidence from our team suggests that
obesity induces significant changes in the biological proper-
ties of ASCs and that these alterations enhance breast cancer
tumorigenesis.

ASCs stimulated by cancer cells secrete a wide range
of cytokines, chemokines, and growth factors that, in turn,
increase the proliferation of breast cancer cells in an ASC/
cancer cell reciprocal feedback loop [212]. ASCs isolated
from obese donors with increased leptin expression drive the
proliferation and migration of breast cancer cells in vitro [86,
196]. The genetic knockdown of leptin expression in ASCs
significantly reduced tumor volume. Obese ASCs treated
with estrogen markedly increased breast cancer cell prolif-
eration and tumor growth of breast cancer cell lines in vitro
and in vivo in the context of xenograft models. The exposure
of breast cancer cells to obese ASCs also altered their gene
expression profiles. Altered expression of genes regulating
cell cycle, apoptotic, angiogenesis, metastasis, and adhe-
sion was observed. Breast cancer cell lines co-cultured with
ASCs from obese donors demonstrated increased expression
of genes involved in the epithelial-to-mesenchymal transi-
tion (EMT) and metastasis (SERPINE1, MMP-2, and IL-6).
The gene expression profile of BC lines co-cultured with
ASCs from obese donors in which leptin expression was
blocked by an siRNA did not display similar induction for
the expression of these genes [196]. SERPINEI] is a serine
protease inhibitor that limits the activity of matrix metal-
loproteases in the extracellular matrix microenvironment
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[213]. SERPINEI1 also binds to the extracellular matrix
protein vitronectin. The binding of SERPINE] to vitron-
ectin results in the detachment of the tumor cells from the
ECM, enhancing the mobility of the cells [214]. Likewise,
MMP-2 expression correlates with increased metastasis
and poorer clinical prognosis [163, 215, 216]. Further-
more, MMP-2 expression also indicates the aggressiveness
of breast cancer tumors [217, 218]. Elevated expression of
MMP-2 in cancer cells was related to smaller tumors, while
expression of MMP-2 by the stromal cells was associated
with enhanced aggressiveness [217]. In other studies by our
team, the elevated expression of SERPINE1 and MMP-2
metastatic factors in ASCs correlated with the increased
incidence of metastatic lesions in the lung and liver of mice
in xenograft studies. Furthermore, SERPINE1 and MMP2
were reduced in tumors formed with cancer cells and leptin
shRNA 0bASC:s, relative to tumors formed with cancer cells
and control shRNA. These results suggest that leptin affects
the overexpression of these key metastatic factors within
the tumor.

Other direct co-culture studies revealed the upregula-
tion of CDKN2A, a cell cycle regulator, and GSTP1, a gene
responsible for detoxifying drugs, upregulated in multi-drug-
resistant breast cancer [219]. While breast cancer—stimulated
ASCs secrete numerous cytokines to promote proliferation,
a recent analysis revealed that an increase in chemokine
C-X-C ligand 5 (CXCL5) was most noticeable. The neu-
tralization of CXCLS5 reversed the stimulatory effects that
ASCs had on breast cancer cell (BCC) proliferation [220].
Furthermore, Sakurai et al. have demonstrated that cross-
talk between these cells within the tumor microenvironment
promotes proliferation and migration. This group found that
BCCs stimulate ASCs to secrete cytokines by upregulating
the expression of SIO0A7, a small calcium-binding protein
[221].

The results from these studies demonstrate that the local
obese microenvironment induces significant alterations to
the biological properties of ASCs and that these alterations
enhance ER" breast cancer tumorigenesis via estrogen-
dependent pathways [137]. Inhibiting leptin expression using
leptin-neutralizing antibodies or shRNA reduced the impact
of obese ASCs on breast cancer cell proliferation in vitro
[196]. Furthermore, obese ASCs have been shown to alter
the expression of several essential regulatory genes involved
in the cell cycle, apoptosis, angiogenesis, EMT, and metasta-
sis [222]. The dysregulation in the expression of molecular
markers involved in the central processes in breast cancer
cells is associated with poorer prognosis in patients [163,
215, 216]. It is clear that the secretome of ASCs strongly
influences breast cancer behavior.

Triple-negative breast cancers (TNBCs) are a clinically
aggressive subtype associated with higher mortality. Patients
with TNBC are likely younger when they develop breast
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cancer and more likely to have a recurrence and metastasis
within the first 3 years [223, 224]. TNBCs are defined by
the lack of targetable receptors (estrogen, progesterone, and
EGFR?2 amplification). TNBCs cannot be treated with the
small-molecule—targeted therapies developed for receptor-
positive tumors. The result is increased rates of recurrence
and metastasis, making TNBCs more challenging to treat.
Patients with TNBC have worse 5-year survival rates than
patients with other BC subtypes [225]. Concerning TNBC,
our data suggest that non-estrogen-driven leptin promotes
metastasis but not tumorigenesis of cell lines and patient-
derived xenografts (PDX) in vivo [226]. Metastasis in TNBC
cell lines is induced by the upregulation of EMT genes and
promoting migration in vitro [226]. The pro-metastatic
effects of ASCs from obese donors were dependent upon
leptin expression. The reduction in leptin expression lev-
els via delivery of shRNA abrogated the metastatic effects
both in vitro and in vivo. Our group has also demonstrated
that leptin enhances EMT in TNBC through upregulation
of Serpinel, Twistl, Snai2, IL-6, PTGS2, CCL5, and CD90
[226]. These data indicate that in obese donors, ASCs are a
primary source of leptin in cancer. In the context of TNBC
in obese patients, leptin may be a promising target to inhibit
BC metastasis.

12 ASCs in other cancer types
12.1 ASCsin colon cancer

Colorectal cancer (CRC) is the third most common cause of
cancer-related death worldwide and is made worse by obe-
sity [173]. However, colon cancer metastasis and the molec-
ular mechanism(s) that drive it remain poorly defined. CRC
is also impacted by the paracrine signaling effects of ASCs
[227]. IL-6 produced by ASCs acts on CRC cells by activat-
ing the JAK2/STAT?3 pathway to increase sphere generation
and cell growth and upregulate self-renewal gene expression
[227]. Furthermore, the cancer cells promoted the increased
secretion of IL-6 from ASCs [227]. Other research groups
have demonstrated that ASC-secreted trophic factors IL-6
and HGF enhance the proliferation and number [228, 229].

In turn, the CRC-CSC secrete neurotrophins, including
nerve growth factor (NGF) and neurotrophin-3 (NT-3), that
recruit ASCs to the tumor, where they go transdifferentia-
tion along endothelial lineage, which allows the cancer cells
to acquire a metastatic phenotype [230]. ASCs enhance the
metastatic capacity of CRC cells by inducing epithelial-mes-
enchymal transition (EMT)-associated genes in a contact-
dependent manner. Reciprocally, the CRC cells induced the
expression of metastasis-related factors and cytokines, such
as FGF10, VEGFC, and matrix metalloproteinases (MMPs)
via Wnt signaling in the ASCs [231]. Additional studies
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have demonstrated that senescent ASCs have a more sig-
nificant impact on CRC cell proliferation than nonsenescent
ASCs [232]. Senescence can induce a senescent-associated
secretory phenotype, serving as a tumor-supporting cell in
the tumor microenvironment. One example is the secretion
of Galectin 3 from senescent ASCs, which activates the
mitogen-activated protein kinase (MAPK) pathway in the
CRC cells [232]. Another group showed that neuregulin 1
via the human epidermal growth factor receptor 3 (HER3)
receptor acts as a paracrine signal from ASCs that promotes
CRC invasion, survival, and tumorigenesis [148]. While
CRC severity is linked to obesity, it does not appear studies
looking at the interplay between ASCs based on obesity sta-
tus (lean vs. obese) and CRC cells have been published as of
yet, so it is not clear if CRC cells respond to the impacts of
obesity similar to other cancers, though hypothesizing that
they would seem logical.

12.2 ASCsin prostate cancer

Prostate cancer (PC) is the most common cancer and the sec-
ond leading cause of cancer death among men in the USA.
PC is typically a slow-growing tumor and tumorigenesis is
driven by the periprostatic adipose tissue [157, 233, 234].
While the mechanism(s) influencing tumorigenesis have not
been fully defined, it is becoming evident that the recruit-
ment of ASCs out of the periprostatic adipose tissue into
the prostate occurs and is driven by chemokines secreted
by PC cells [235]. Multiple studies have demonstrated that
the interactions between ASCs and PC are altered by obe-
sity [236]. PC patients have a much higher number of ASCs
in periprostatic adipose tissue than nearby visceral tissue
[236]. The results of an in vivo study performed in rodents
in which PC3 cells were implanted in one flank and ASCs
implanted in the opposite flank of athymic mice cells con-
sistently had larger tumors than control animals in which
no ASCs were implanted [159]. Additionally, ASCs were
localized within the tumor, suggesting that the PC cells
recruited the ASCs to the tumor. The tumor localized ASCs
expressed CXCR4, suggesting that the ASCs migrated to the
tumor using a CXCL12 (SDF-1)/CXCR4 and CXCR?7 axis,
similar to findings reported in breast cancer. Within the PC
tumor microenvironment, ASCs increase tumor vascular-
ity and promote tumor growth by upregulating fibroblast
growth factor 2 expression [159]. The role of the pro-inflam-
matory CXCL12-CXCR4/CXCR?7 signaling axis was further
defined in an obesity-driven mouse model of myc-induced
prostate cancer [237]. The analysis of SVF cells isolated
from periprostatic white adipose tissue of obese HiMyc mice
revealed a dramatic increase in CXCL12 mRNA expression
levels. Further data indicated increased CXCL12 protein lev-
els and the exposure of PC cell lines to CXCL12 resulted in
enhanced migration and invasion. Also, higher CXCR4 and

CXCR 7 were found in PC cell lines derived from tumors in
the HiMyc animals. Direct evidence of the role of CXCL12
signaling in ASC recruitment in the context of PC was
recently published [238]. CXCL12 expression was localized
to stromal cells expressing platelet-derived growth factors
receptors (PDGRF). Creating tissue-specific knockouts in
which CXCL12 expression was inhibited in PDGFR™ cell
lineages inhibited tumor growth and EMT.

Data on the impact(s) that obesity has on prostate tumors
has been limited to date. A recent study demonstrated that
PC cells’ enhanced recruitment of ASCs to prostate tumors
in obese patients is attributed to the differential secretion of
CXCLI1 and CXCLS [239]. In cell culture models, CXCL1
and CXCLS8 attract ASCs by signaling to CXCR1 [239].
While CXCLS8 expression is obesity-independent, CXCL1
expression is obesity-dependent, and CXCR1 is expressed
at higher levels in obASCs than InASCs [239]. Together,
these results highlight how obesity alterations in the tumor
microenvironment result in multidirectional paracrine sign-
aling between ASCs and tumor cells.

It has also been suggested that prostate cancer patient-
derived ASCs (pASCs) undergo a neoplastic transforma-
tion when treated with PC-conditioned media or PC-derived
exosomes [240]. The pASCs demonstrated genetic insta-
bility, mesenchymal-to-epithelial transition (MET), and
oncogenic transformation, forming prostate-like neoplastic
lesions in vivo. Moreover, the cells recapitulated the tumors
upon transplantation into secondary recipients [240]. In
addition, the exosomes derived from PC cells were found to
contain oncogenic factors, including H-ras and K-ras tran-
scripts, oncomiRNAs miR-125b, miR-130b, and miR-155,
as well as the Ras superfamily of GTPases Rabla, Rablb,
and Rabl1a, which may contribute to the neoplastic repro-
gramming of pASCs [240, 241]. These novel ASC repro-
gramming findings may be specific to PC, as they have not
been described in other tumor settings investigating the
interplay between cancer cells and ASCs, nor have they been
investigated in the context of obesity.

12.3 ASCsin ovarian cancer

Ovarian cancer (OC) is the most lethal cancer of the female
reproductive system, and it ranks fifth in cancer deaths
among women. OC is particularly troubling because it tends
to metastasize and seed the peritoneum, conferring a worse
prognosis with a 5-year survival rate of roughly 45% [242].
ASCs play a role in both metastasis and chemoresistance of
OC. Multiple studies have demonstrated that ASCs promote
OC’s more aggressive metastatic phenotype. These data sug-
gest that the proximity of tumors to peritoneal and abdomi-
nal fat may increase the impact of the ASCs as components
of the TME.
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The trophic factors produced by ASCs increase prolif-
eration, migration, and spheroid formation through various
mechanisms [243]. The co-culture of ASCs isolated from the
omentum of OC patients cultured with OC cell lines in vitro
demonstrated enhanced proliferation, migration, and chem-
oresistance of the OC cells [244]. In addition, ASCs increase
ovarian cancer proliferation and migration by secreting IL-6,
activating the JAK2/STAT3 pathway [245]. ASCs also
increases matrix metalloproteinase (MMP) expression, par-
ticularly MMP2 and MMP9, which degrade the extracellular
matrix and promote invasion in ovarian cancer cells [231].

In mouse xenograft studies in vivo revealed that OC xeno-
grafts implanted with ASCs demonstrated increased tumor
metastasis and growth in the peritoneal cavity and elevated
the expression of MMP2 and MMP9. ASCs taken from
patients with omental metastasis demonstrate the reverse
Warburg effect, providing lactate substrate to cancer cells for
oxidative phosphorylation [244]. A study investigating prot-
eomic alterations in OC cells exposed to conditioned media
from ASCs found that thymosin beta 4 x-linked (TMSB4X)
was significantly increased in the OC cells [246]. The inhibi-
tion of TMSB4X in OC cells reduced tumorigenicity both
in vitro and in vivo and demonstrates its role as a key factor
driving the tumor-promoting effects in OC.

Similar to what has been described in BC, it appears that
ASCs in ovarian cancer can be readily converted to CAFs.
The culture of ASCs in the presence of epithelial OC cells
resulted in increased expression of myofibroblast markers,
including a-SMA and fibroblast activation protein, via TGF-
f signaling [247]. The generation of CAFs from the ASCs
resulted in increased OC proliferation and invasion and the
inhibition of TGF-f inhibits the CAF formation by ASCs in
OC models. The tumor proliferation and metastasis of OC
cells were duplicated in vivo in rodents.

Other studies have reported the potential of ASCs to
increase the number of CSCs in the context of OC. ASCs
express high levels of bone morphogenic proteins (BMPs),
and it appears the expression of BMPs in ASCs is influenced
by Hedgehog (HH) produced by the OC cells in a positive
feedback loop. The HH appears to induce the levels of BMP4
in ASCs, which reciprocally increases the levels of HH in
the OC cell lines [248, 249]. This BMP4-HH feedback loop
induces chemoresistance in OC; however, the interruption
of this pathway reverses the chemoresistance. The chem-
oresistance observed in OC is also partially induced by the
secretome of ASCs.

Furthermore, it has been shown that the obesity status
and fat location of ASCs also impact the extent that ASCs
increase ovarian cancer progression. Obese and visceral
ASCs have been shown to increase the growth of ovarian
tumors [243]. ASCs from obese donors also increase vas-
cularity and the number of inflammatory cells in ovarian
tumors [243]. Additional studies on obesity, ASCs, and OC
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would provide greater insight into the tumorigenic effects
obesity has on OC.

12.4 ASCsin multiple myeloma

In the setting of multiple myeloma (MM), ASCs from
obese donors promoted the growth and metastasis of MM
cell lines. Notably, ASCs from obese donors had an altered
cytokine/adipokine profile, which led to increased cell adhe-
sion and MMP?2 expression in MM [250], consistent with
studies evaluating the effect of ASCs on other cancer types
[86, 137]. Additionally, leptin stimulates the proliferation of
MM cells and decreases the efficacy of chemotherapies in
this malignancy, so leptin produced by ASCs in the tumor
microenvironment may promote MM progression [251];
however, more work is needed to identify ASC pathways
and drivers of MM progression.

12.5 ASCsin osteosarcoma

Studies evaluating osteosarcoma (OS), a primary malig-
nancy of bone that mostly affects children and young adults,
have seen similar effects [252]. ASCs promote OS cell
growth and metastasis through the upregulation of MMP2
and MMP9 through STAT?3 activation. STAT3 inhibition
attenuated these effects, decreased MMP2/9 expression, and
prolonged survival in mice [252]. Although the upstream
activators of STAT3 were not identified, STAT3 is activated
by many of the aforementioned paracrine factors from ASCs.
Recently, it was demonstrated that ASC exosomes drive
the invasion, migration, and proliferation of OS cells and
increase the expression of collagen beta (1-O) galactosyl-
transferase 2 (COLGALT?2). The inhibition of COLGALT2
by shRNA in OS cells reduced OS cell invasion, migration,
and proliferation in vitro [253]. More is needed OS to iden-
tify secreted factors contributing to these outcomes. How-
ever, studies with ASCs stratified based on the obesity status
of the patient do not appear to have been published as of yet.

12.6 ASCsin cervical cancer

Limited studies have evaluated the effect of ASCs on cervi-
cal cancer. However, one study determined that SI00A7,
which has a known role in breast cancer proliferation and
metastasis, also enhances cervical cancer cells’ migration,
invasion, metastasis, and the epithelial-to-mesenchymal
transition [254].

A study investigated the impact of ASCs on the prolifera-
tion and migration of cervical cancer cell lines [255]. The
data suggest that both co-culture with ASCs and using an
ASC-conditioned medium promoted the proliferation and
invasion of cervical cancer cells in vitro. In addition, the data
from this study revealed that the ASC-conditioned medium
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also promoted the growth of HeLa cells in xenograft models
in vivo.

12.7 ASCsin bladder cancer

The interaction between ASCs and bladder cancer cell lines
has been investigated. In one of the first reports, ASCs
increased the production of IL-8 and IL-6 when co-cultured
with bladder cancer cells [256]. This is believed to have
played a role in reduced extracellular matrix adhesion and
increased cell viability, invasion, and migratory ability. In
addition, the conditioned media from ASCs increased the
proliferation and viability of bladder cancer cell lines (5637
and HT-1376) [257].

In another study, bladder cancer cells expressing the can-
cer stem cell marker CD133 were isolated and treated with
an ASC-conditioned medium [31]. The data indicate that the
conditioned media increased the proliferation and viability
of CD133 +and CD133 — subpopulations and the unsorted
cancer cell line. These data suggest that bladder cancer stem
cells may respond to ASCs and their soluble factors.

However, another study suggests that ASCs and ASC-
conditioned media may inhibit the growth of bladder cancer
cells (lines EJ and T24) [231]. Treatment of these cancer
cell lines with ASC-conditioned medium decreased the
viability and migration of the cancer cells. The data also
indicated that the bladder cancer cells underwent apoptosis
in response to the conditioned medium.

12.8 ASC gastric cancer

Finally, the interaction between gastric cancer cells and
ASCs or ASC-conditioned media has been investigated in
multiple studies. For example, adenocarcinoma cell lines
(MKN28 and MKN45) were cultured on gels embedded
with ASCs in vitro [258]. The data indicate that exposure
to ASCs increased the growth and invasion of the cancer
cells and decreased the apoptotic frequency of the cells by
activating MAPK.

ASCs have been reported to increase cell proliferation,
migration/invasion, and progression of gastric cancer cell
line MGC-803 in vitro, which appeared to be mediated
through the SDF-1/CXCR4 axis [259].

In another study investigating the impact of ASCs on gas-
tric cancer, a single gastric cancer cell line, HGC-27, was
exposed to ASC-conditioned media and it appeared that the
growth of the cancer cell line was inhibited both in vitro and
in vivo in co-transplantation tumorigenicity studies [260].

12.9 ASCsin head and neck cancer

While it has been reported that ASCs enhanced the migra-
tion of head and neck tumors, the impact of ASCs on head

and neck cancer cells in vitro is not fully known. Sharaf
and colleagues published data indicating that human ASCs
promote the proliferation and migration of head and neck
cancer cells [257]. In this study, ASC-conditioned media
was tested for paracrine effects on the proliferation of the
HNSCC tumor cell line, FaDu, using in vitro assays. The
data demonstrated that ASC-conditioned media enhanced
proliferation and migration/invasion of the FaDu cells. How-
ever, it is just a single cancer cell line.

In another study by Rowan and colleagues, ASCs and
ASC-conditioned media were shown not to impact cell
growth of two head and neck cancer cell lines, Cal-27 and
SCC-4 [261]. However, additional data from this study
indicated that co-administration of ASCs with these cancer
cells in vivo did increase the number of micro-metastases in
the brains of mice, suggesting that the enhanced migration
observed in vitro may drive the formation of tumors in vivo.

However, a study published by Danan and colleagues
investigated the impact of ASCs on the proliferation, sur-
vival and migration of eight head and neck squamous cell
carcinomas (HNSCC) cell lines in vitro and in the context
of a xenograft model in mice [262]. Their data suggest that
ASCs on enhanced proliferation, migration, and survival of
only a single line, denoted as SCC9.

While there is limited research investigating the role of
ASCs in these less frequent malignancies, the results across
these various cancers are consistent. ASCs produce trophic
factors that influence biological properties, enhancing the
proliferation, migration, and invasion in vitro and in vivo in
xenograft models, as reported for several cancers. For most
of the published data, it is evident that the alterations in the
tumor cells drive further changes in the ASCs via cancer
cell-produced macromolecules to enhance tumorigenicity
and metastasis even more. This further strengthens the need
to study the role of ASCs in the context of obesity within
the tumor microenvironment to define further the molecular
pathways through which ASCs from obese donors enhance
tumor growth and metastasis to identify potential therapeutic
targets.

13 Safety of ASC application and fat
grafting in the context of cancer: clinical
outcomes

The preclinical data indicate that ASCs can enhance tumor
cell growth, proliferation, and migration, resulting in a more
invasive and aggressive phenotype across multiple cancer
types in vitro and in vivo. A primary concern with fat graft-
ing used in plastic surgery applications and ASC infusions
under investigation as a therapy in numerous diseases in
human patients is the activation or re-activation of tumors in
vivo, which would be the result of the cancer cell-stimulating
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paracrine factors released from ASCs. While not explicitly
focused on the impacts of obesity, multiple analyses of
clinical outcomes in patients infused with ASCs to treat
numerous diseases do not concur with the preclinical find-
ings reported. ASCs have been infused in large numbers of
patients as potential treatments for various disorders, both
oncological and non-oncological [263]. Analyses have also
been performed on patients that underwent fat grafting or
were infused with ASCs in non-oncologic clinical trials for
different diseases [260, 264]. The outcomes reported from
these studies do not demonstrate any increase in the inci-
dence of tumor formation resulting from ASC infusions. The
issue with many of these reports is that the patient numbers
are small, the follow-up is not always long-term, and differ-
ent cell types and routes of administration are commonly
used.

ASC infusions have been utilized in numerous oncologic
settings, ranging from radiotherapy-induced xerostomia,
osteosarcoma, tissue reconstruction after sarcoma resec-
tion, laser-assisted pulmonary metastasectomy, and breast
reconstruction in breast cancer patients, with encouraging
clinical and safety outcomes [263]. Much of the data about
the oncologic safety of autologous fat grafts and ASC infu-
sions comes primarily from groups of female breast cancer
patients who underwent reconstruction. The first reported
case of harvesting fat using a liposuction technique with
placement into the breasts was reported in 1987 [265]. Since
that time, fat grafting or lipofilling in breast reconstruction
has become one of the most commonly used procedures for
breast reconstruction. Autologous fat grafting with ASCs or
micronized adipose tissue has been widely used for breast
reconstruction, including post quadrantectomy defects to
total breast reconstructions [266, 267]. In 2007, a task force
from the American Society of Plastic Surgeons (ASPS) ana-
lyzed clinical outcomes of fat grafting in patients. It con-
cluded that fat grafting was safe with no malignancy risk
[268]. In 2015, the ASPS put out a grade B recommendation
which stated that fat grafting does not increase the risk for
local recurrence even though strict adherence to radiological
follow-up protocols and an adequate disease-free interval
is mandatory (https://www.plasticsurgery.org/Documents/
Health-Policy/Principles/principle-2015-post-mastectomy-
fat-grafting.pdf).

Numerous case study reports, meta-analyses, and system-
atic reviews on the outcomes of fat grafting safety in patients
in regard to oncologic outcomes have been published sub-
sequently. However, most of these reviews focus on patients
undergoing lipofilling for various reasons [263, 269-274]. A
meta-analysis by Toyerskani and colleagues in 2017 focused
on the outcomes of trials using ASC or ASC-derived prod-
ucts [271]. The study was focused on a total of 70 trials
(with over 1400 patients) and included a broad spectrum of
disorders being treated. However, the majority were case
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studies, meaning there was no control group for comparison.
The focus on the oncologic outcomes was evaluated for stud-
ies administering cells in the setting of previous malignancy,
which narrowed the set to five studies (all case series) with a
follow-up in the range of 3—12 months. The results indicated
only a single case of local breast cancer recurrence out of
121 total patients in this analysis. Since the studies were
primarily cased studies, meaning small numbers of patients
with no control treatment, it is impossible to determine if
the case of one breast cancer recurrence could be attributed
to the ASC treatment.

One issue with most of the retrospective studies published
to date is relatively short-term analyses of patients, typically
only weeks to months in duration. However, another large
retrospective study of lipofilling in breasts with matched
controls was published by Kronowitz and colleagues in
2016 [275]. This study used data in which the duration of
follow-up was either 44 months or 60 months. The study
analyzed outcomes from 719 cancer patients, 639 underwent
mastectomies treated with fat grafting, and 670 non-grafted
patients. The data indicate no substantive difference between
the groups in loco-regional, systemic, or second breast can-
cer recurrence rates.

In a study specifically focused on the analysis of out-
comes of adipose fat transfer after breast cancer surgery,
Waked and colleagues focused on the outcomes of 18 clini-
cal trials performed between 1997 and 2011 [266]. Each
trial had a minimum monitoring period of 2 years, and many
were longer than 5 years. The team assessed the incidence
of loco-regional recurrence (LRR) incidence rates in each
of the 18 studies. The LRR was determined to range from
0-3.9% per year. In the clinical trials designed to include
a matched control group, the LRR incidence between the
two groups was no different, suggesting that autologous fat
grafting does not induce an increased incidence of cancer
regeneration in breast cancer patients after treatment.

The general conclusion from the case reports and retro-
spective analyses is that ASC infusions and fat grafting do
not appear to result in the formation of tumors nor drive the
activation of tumor cells, even in oncological patients, but
additional studies are required. However, it is important to
note that many studies reported a lack of control popula-
tions, and the analyses are for short durations. In addition,
the groups are composed of patients with mismatched grades
of tumors or are undersized in terms of patient numbers.

In 2020, a team from Korea published a retrospective
cohort study, analyzing 339 patients who had undergone
immediate reconstructive surgery after nipple-sparing mas-
tectomy (NSM) or skin-sparing mastectomy (SSM) [276].
From a total of 67 patients who had undergone fat graft-
ing, 10 patients were confirmed to have a cancer recurrence,
which resulted in a hazard ratio (HR) of 2.52 with a 95%
confidence interval for fat grafting. These data suggest that
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lipofilling results in a higher risk of cancer recurrence, coun-
tering most published data.

The findings from a retrospective, monocentric, case—con-
trol study investigating the survival and local recurrence rate
in women who had fat grafting for breast reconstruction due
to breast cancer were recently published [277]. The control
patients underwent breast reconstruction without fat graft-
ing. The data indicate an increased risk of tumor recurrence
locally after lipofilling in patients with invasive breast can-
cer. The findings of this study suggest that physicians may
need to be aware of special considerations in treating women
who have had invasive breast cancer. While additional stud-
ies like this need to be performed to bolster these findings,
the data suggest that the level of invasiveness of breast can-
cer could determine the outcomes in patients in which lipo-
filling is for breast reconstruction.

Further studies are needed to evaluate tumor formation
and recurrence more carefully before declaring the use of
ASCs and adipose tissue to be completely safe. Also, more
prospective, multicentric, randomized clinical studies with
longer follow-ups are required to detect the potential risks
underlying ASC clinical use and the specific at-risk catego-
ries of patients. In addition, clinical studies focused on large
numbers of obese patients would help clarify the impact of
obesity on the safety of ASC infusions.

14 Conclusions

This review aimed to provide insight into our current under-
standing of the role that ASCs play in the context of cancer
and the impact of obesity on ASCs within the tumor and
tumor microenvironment. It is evident that ASCs are key
contributors to the processes of tumorigenesis and metas-
tasis. ASCs are recruited to integrate into the tumor stroma
and influence tumor biology either by differentiation into
CAFs or by the macromolecules they produce as undifferen-
tiated residents of tumors. The ASCs secretome influences
the other cells within the tumor stroma and tumor cells. The
biological properties of ASCs are significantly impacted by
donor characteristics such as age, BMI, and health status,
which impact the differentiation, growth, biological prop-
erties, and secretome of ASCs. Our group and others have
demonstrated that ASCs are impacted by obesity and alter
important biologic properties and their impacts on other
cells and tissues, including cancer.

It is evident that obesity impacts numerous cancer types,
including colorectal, postmenopausal breast, endometrial,
prostate, esophageal, hematological, malignant melanoma,
and renal carcinomas. However, the cellular interactions and
molecular pathways underlying obesity and cancer are not
yet fully defined. Recent work has demonstrated that obesity
impacts tumor cells directly and induces changes in other

cell types within the tumor, including the ASCs. ASCs from
obese patients demonstrate altered gene expression profiles
and biological properties compared to lean patients. The data
collected indicate that ASCs from obese donors have a mark-
edly increased potential to assist tumorigenesis and metas-
tasis. With respect to breast cancer, ASCs isolated from
obese women secrete a novel set of chemokines, cytokines,
and growth factors. The higher levels of chemokines and
cytokines drive cancer cell proliferation and migration,
tumor migration, invasion, and metastasis to distant organs.
Our data on breast cancer suggest that in obese individuals,
leptin is a primary molecule driving changes in the BCC
that result in enhanced tumorigenicity and metastasis. The
ASCs from obese donors appear to drive metastasis via lep-
tin-mediated pathway(s), with SERPINE1 and MMP-2 being
primarily involved, though other macromolecules may play
a role but have not yet been described.

In summary, the data generated in preclinical models
investigating the interplay between ASCs and cancer cells
indicate that ASCs from obese donors contribute to tumo-
rigenesis and can also enhance metastasis. The ASCs in the
tumor stroma may represent a novel avenue by which obesity
influences the biology of cancer cells. The cells may also
represent an undescribed avenue for developing new thera-
pies to counter the effects of obesity on tumors.

15 Future avenues

Future studies on the effects of obesity on ASCs and under-
standing how obesity primes the ASCs to enhance tumori-
genesis and/or metastasis will provide valuable insight into
reducing cancer morbidity and mortality. Furthermore, addi-
tional studies investigating the potential interaction of ASCs
with other cell types in the tumor microenvironment are war-
ranted to determine if alterations in other cell types influence
the biology of the tumor. As tumor-associated ASCs impact
the biology of the tumor, regardless of BMI, targeting the
ASC:s to develop strategies to interrupt their communication
with tumor cells is a novel area that has yet to be explored.
Also, developing therapeutic strategies explicitly targeting
the obesity and cancer axis represents an unexplored area
that could be impactful.
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