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Tumors were characterized as nonhealing wounds by Virchow in 1858 and Dvorak in 1986. Since then,
researchers have analyzed tumors from a new perspective. The parallels between tumorigenesis and physi-
ological wound healing can provide a new framework for developing antitumor therapeutics. One com-
monality between tumors and wounds is the involvement of the stromal environment, particularly adipose
stromal/stem cells (ASCs). ASCs exhibit dual functions, in which they stimulate tumor progression and assist
in tissue repair and regeneration. Numerous studies have focused on the role of ASCs in cancer and wound
healing, but none to date has linked age, cancer, and wound healing. Furthermore, very few studies have
focused on the role of donor-specific characteristics of ASCs, such as age and their role in facilitating ASC
behavior in cancer and wound healing. This review article is designed to provide important insights into the
impact of donor age on ASC tumor and wound response and their role in facilitating ASC behavior in cancer
and wound healing.
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Introduction

Parallels between cancer & wound healing

Aging is notably characterized as a progressive, gen-
eralized impairment of physiological function, resulting

in a poor response to environmental challenges and expanding
risk of disease and death. Although susceptibility to chronic
diseases such as cancer and impaired wound healing increases
with age, the potency of wound and cancer response appears
to be far greater in younger individuals [1,2]. Younger indi-
viduals experience more aggressive cancers with lower sur-
vival rates in both breast and colorectal cancers [3–6].

Tumors, which can be characterized as an unconventional
nonhealing wound, hijack the body’s wound response to
create an ideal environment for tumor growth and progres-
sion. Furthermore, all of the primary pathways activated in
wound healing are also active in cancers [7–10]. Chang

et al. revealed that the gene expression pattern of serum-
treated fibroblasts exhibiting a wound healing response
parallels that of human carcinomas [11].

The physiological wound healing response occurs via a tightly
regulated series of overlapping phases involving numerous cell
types, tissues, secretory factors, and proteolytic enzymes. In
breast, lung, and gastric carcinomas, molecular features that
characterize the wound-like phenotype are observed at an early
clinical stage, persist during treatment, and predict the risk of
metastasis and death [11–13]. Riss et al. have shown that 77% of
genes expressed in a model of renal repair and regeneration were
also expressed in renal cancer. Many of these genes are active
pathways common to cancer and repair, including cell prolifer-
ation, growth, metabolism, and defense [14].

In a study by Groessl et al., cancer-associated fibroblasts
(CAFs) from breast cancer biopsies displayed a wound
healing signature [15]. Multiple sources have emphasized
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that inflammation, a critical phase of the wound healing
response, is a key component of cancer progression
[7,16,17]. An overabundance of specific inflammatory cell
types, as discussed in detail below, results in the transfor-
mation of both an acute wound into a chronic wound, and
noncancerous tissue into tumors [18–20]. Similar to a
wound, tumors also secrete various trophic factors that aid
in the recruitment of multiple cell types, including mesen-
chymal stromal/stem cells (MSCs).

Stromal contribution to cancer and wound healing

MSCs are derivatives of mesenchymal tissues, including
bone marrow (bone marrow MSC, BMSCs) and adipose
tissue (adipose-derived stromal/stem cells, ASCs). In re-
sponse to damaged tissues and organs, these cells secrete
cytokines, chemokines, and growth factors to mediate the
physiological wound healing response [21–23]. The thera-
peutic effect of MSCs during wound repair is attributed to
the release of these trophic factors, which promote angio-
genesis, cell recruitment, differentiation, proliferation, and
extracellular matrix (ECM) formation [24–26].

Kilroy et al. characterized the cytokine profile of MSCs,
showing that the use of the proinflammatory ligand lipo-
polysaccharide, an immune-stimulating glycolipid produced
by gram-negative bacteria, resulted in MSCs not only re-
leasing angiogenic [hepatocyte growth factor (HGF)], vas-
cular endothelial growth factor (VEGF), and hematopoietic
[IL-7, granulocyte macrophage-colony stimulating factor
(GM-CSF)] cytokines but also secreting a number of
proinflammatory cytokines (IL-6, IL-8, IL-11, TNF-a) [27].

The paracrine behavior of MSCs also poses both an im-
munomodulatory and immunosuppressive effect that im-
pacts the wound healing process. As a response to both
injury and inflammation, the release of prostaglandin E2
(PGE2) by MSCs results in the upregulation of interleukin
10 (IL-10) and a decrease in both tumor necrosis factor-
alpha (TNF-a) and interleukin 12 (IL-12) secretion from

dendritic cells, leading to a shift from a more proin-
flammatory Th1 subtype to an anti-inflammatory Th2 sub-
type [28]. MSCs attenuate the release of inflammatory
mediators from macrophages and modulate the proliferation,
differentiation, and immunoglobulin secretion of B cells
[28–30]. The release of cytokines, which both support and
delay tissue recovery, poses many questions concerning the
role of MSCs in wound healing and tumorigenesis.

Evidence has shown that MSCs not only aid in the healing
of conventional wounds but are also linked to nonhealing
tumor wounds. As observed in wound healing, MSCs re-
spond to tumors in a similar manner by homing into the
tumor site to mediate the physiological wound healing re-
sponse. Both newly recruited and resident MSCs work to-
gether to accelerate the tumor ‘‘wound healing’’ [31].
Similar to their role in physiological wound healing, MSCs
assist in regulating tumor-associated immune responses.

After instruction by the tumor microenvironment (TME),
MSCs secrete cytokines and chemokines that exaggerate
tumor-associated inflammation via the recruitment of mul-
tiple immune cell types [32–36] (Fig. 1). In addition to in-
ducing inflammation, MSCs can also suppress the adaptive
immune response in the TME through the release of effector
molecules, such as nitric oxide (NO) and indoleamine 2,3-
dioxygenase (IDO) [37–41].

Physiological Wounds Versus Tumor Wounds

Wound healing involves a dynamic series of overlapping
phases involving numerous cell types, tissues, cytokines, che-
mokines, growth factors, and proteolytic enzymes [1]. Cellular
activities, including proliferation, migration, and ECM syn-
thesis, are tightly regulated during the phases of wound healing:
hemostasis (coagulation), inflammation, proliferation (forma-
tion of granulation tissue), and tissue remodeling (scar forma-
tion) [42,43] (Fig. 2).

Hemostasis is characterized by fibrin clot formation, platelet
activation, and the release of inflammatory mediators. The

FIG. 1. MSC paracrine
function regulates immune
cell function. MSCs secrete
cytokines and growth factors
that modulate immune cell
response to tissue damage by
altering lymphocyte and leu-
kocyte behavior. T cells ex-
perience a reduction in
responsiveness, increase in
IL-4, and increase in regula-
tory T cell phenotype. Both T
cells and NK cells exhibit a
decrease in IFN-g secretion.
MSCs impact overall func-
tion of B cells, including
proliferation and differentia-
tion, and drive macrophages
toward the anti-inflammatory
M2 phenotype. MSC, mes-
enchymal stromal/stem cell.
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FIG. 2. Cytokines released during the phases of acute wound healing are also present during cancer hallmark acquisition.
(A) Tissue injury activates platelet recruitment to the site of injury, where a temporary fibrin clot stops blood vessel
hemorrhage. Platelets release a heterogeneous mix of growth factors and cytokines (PDGF, TGF-b, IL-8, SDF-1, CXCL4,
bFGF, and VEGF) that aid in the repair process. (B) The inflammatory phase begins with the influx of neutrophils followed
by macrophages to the wound bed. Neutrophils begin the phagocytosis of debris in the wound and release chemokines
(MCP-1 and CCL5) that recruit macrophages to the wound. With the reduction of neutrophils around days 2–4, macro-
phages become the dominant inflammatory cells in the wound. They not only protect the wound from foreign microor-
ganisms, but they also release growth factors, chemokines, and cytokines (VEGF, bFGF, PDGF, and TNF-a) that aid in
wound repair. (C) Around days 3–10, fibroblasts are recruited to the wound, where they contribute to the formation of a
temporary ECM. (D) Several months to years after injury, cells leave the wound or undergo apoptosis. ECM is broken down
by MMPs and metalloproteinase tissue inhibitors (TIMPs). Type III collage that was deposited during the proliferation
phase is degraded and replaced by a more permanent Type I collagen. Growth factors and cytokines highlighted in the 4
phases of wound healing are also actively involved in the hallmarks of cancer outlined by Hanahan and Weinberg [10].
Parallels in secreted factors of wound healing are observed in the following cancer hallmarks: tumor and repair promoting
inflammation, sustaining proliferative signaling, and angiogenesis. The color scheme linking the association between the
hallmarks of cancer and specific paracrine factors can be referenced using the figure legend. This figure was created using
BioRender.com. ECM, extracellular matrix; MMP, matrix metalloproteinase; PDGF, platelet-derived growth factor; TGF-b,
transforming growth factor beta; bFGF, basic fibroblast growth factor; VEGF, vascular endothelial growth factor; MCP-1,
monocyte chemoattractant protein 1.
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release of numerous cytokines, chemokines, and growth
factors, including platelet-derived growth factor (PDGF),
transforming growth factor alpha-1 (TGF-a1), and trans-
forming growth factor beta-2 (TGF-b2), promotes the mi-
gration of inflammatory cells such as leukocytes,
neutrophils, and macrophages to the wound site. The in-
flammatory phase, characterized by the infiltration of neu-
trophils and macrophages, is crucial in supplying growth
factor and cytokine signals that are responsible for cell
migration and subsequent tissue repair [18,44].

Neutrophils release a variety of inflammatory cytokines,
including TNF-a, IL-1b, IL-6, IL-8, and monocyte che-
moattractant protein 1 (MCP-1), which not only amplify the
inflammatory response but also stimulate the release of
VEGF and IL-8 to further enhance the repair response.
Macrophages are described as key regulators in the in-
flammatory and repair response because of their roles in
debris removal, promotion, and conclusion of inflammation,
and secretion of cytokines and growth factors for the re-
cruitment and activation of other cells involved in the repair
process. The proliferative phase entails the replacement of
temporary fibrin matrix with granulation tissue via
fibroblast-driven ECM deposition.

Growth factors produced by remaining inflammatory cells
and migrating epidermal and dermal cells maintain cell pro-
liferation and initiate cell migration to the wound bed. In
response to the hypoxic wound environment, a robust an-
giogenic response is initiated and sustained by the production
of VEGF, fibroblast growth factor 2 (FGF2), and PDGF by
platelets and resident cells. In the final phase of remodeling,
ECM components undergo multiple steps of degradation and
synthesis to restore normal tissue architecture.

The vascularization process initiated during the previous
phase provides a favorable environment for continued epi-
dermal and dermal cell migration and proliferation. This
leads to wound reepithelialization and restoration of epi-
dermal integrity. Fibroblasts proliferate within the wound
and synthesize ECM, which is initially composed of colla-
gen III, fibronectin (FN1), fibrin, and hyaluronic acid.

The initial matrix is then substituted with ECM, mainly
composed of collagen I. After wound contraction and matrix
remodeling, fibroblasts undergo apoptosis and leave a rela-
tively acellular scar that is comparable to the unwounded
skin. The previous overview of the wound healing process
strictly applies to acute wounds. Unlike acute wounds,
chronic wounds exhibit prolonged or excessive inflamma-
tion, the inability of dermal and epidermal cells to respond
to reparative stimuli, and persistent infections (Fig. 3).

Chronic wounds, including diabetic, pressure, and vas-
cular ulcers, are all characterized by a chronically inflamed
wound bed and failure to heal [45]. Although the differences
between ECM composition of acute and chronic wounds is
both minimal and controversial, studies have shown that
chronic wounds are characterized by prolonged or poor
expression of fibronectin, chondroitin sulfate, and tenascin.
This leads to impaired cell proliferation and migration [45].

Glycation of matrix proteins also contributes to matrix
instability and disrupts interactions between collagen and
its binding partners [45]. Not only is glycation involved in
pathologies such as diabetes, renal failure, inflammation,
and cancer, but it is also an endogenous aging mechanism
that induces injury to the ECM and contributes to aging

and aging-related diseases [46,47]. In chronic wounds,
excessive recruitment of inflammatory cells that produce
various reactive oxygen species (ROS) results in the
damage of ECM structural elements and cell membranes,
leading to premature cell senescence [45]. Increased levels
of matrix metalloproteinases (MMPs) also contribute to the
degradation of ECM and inhibition of new ECM deposition
[48]. In conjunction with proinflammatory cytokines, ROS
induces the production of enzymes that degrade and inac-
tivate ECM components and growth factors necessary for
normal cell function.

Although chronic wounds exhibit an observed increase in
growth factors compared to acute wounds, both their quality
and bioavailability are compromised in chronic wounds. In
addition to excessive inflammation, chronic wounds also
display impaired angiogenesis and neovascularization, which
subsequently leads to insufficient oxygen and nutrient sup-
ply to cells within the wound bed. Similar to a physiological
wound, tumors activate the same multistep process to aid in
growth and progression.

Normal tissues are comprised of two components, the pa-
renchyma and stroma. The stroma, a mixture of fixed tissue
cells, inflammatory cells, blood vessels, matrix proteins, and
proteoglycans, provides support to the parenchyma. Tumor
composition is analogous to normal tissue, organized into the
parenchyma (malignant cells) and stroma. Solid tumors such
as carcinomas or sarcomas attain semblance to healing
wounds by exploiting the host vascularized tissue stroma for
survival, growth, and metastasis [49–53].

Troester et al. have shown that a wound response signa-
ture is activated in histologically normal tissue of breast
cancer patients [13]. The overlapping phases of blood
clotting, inflammation, ECM alterations, angiogenesis, and
tissue remodeling are expressed in normal tissue adjacent to
breast cancer and in tumors, further solidifying similarities
between tumors and physiological wounds [7,54]. Of par-
ticular interest is the role of the inflammatory phase in both
wounds and tumors. The inflammatory phase not only en-
tails an infiltration of cells into the wound but also requires
the secretion of numerous cytokines, chemokines, and
growth factors to maintain the healing response.

The inflammatory nature of the TME is fostered by in-
flammatory cell infiltration and their secretory profile [55–
57]. In chronic wounds, the inflammatory phase remains in
over-drive, preventing triggers necessary for macrophages
to move to the next phase. One type of tumor-like growth
that embodies the nature of malignant tumors and chronic
wounds is keloid scars.

Keloid scars are characterized as benign human tumors
without malignant potential that exhibit elevated matrix de-
position and chronic inflammation [58]. Fibroblasts in keloids
exhibit an altered phenotype of intrinsic or growth factor-
stimulated collagen, fibronectin, elastin, and proteoglycan ac-
cumulation [59]. Previously, keloids were characterized by an
overabundance of disorganized type I and III collagen bundles;
however, current studies have shown that new keloid lesions
demonstrate elevated matrix protein expression of collagens
(COL1A1, COL6A1, COL10A1, COL11A1, COL12A1),
FN1, and fibrillin-2 (FBN2) compared to nonlesional tissue
[60–62]. Many of these same matrix components are observed
to be elevated in triple-negative breast cancer (TNBC) com-
pared to matched nondiseased breast adipose tissue.
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TNBC is void of estrogen receptor, progesterone receptor,
and human epidermal growth factor receptor 2, character-
izing it as a more aggressive breast cancer type.

TNBC matrix composition mirrors that of keloid scars with
elevated protein levels of COL6A1, COL11A1, COL12A1,
FN1, and FBN2 and COL1A1 [60]. Another link between
keloids and cancer progression is plasminogen activator in-
hibitor 1 (PAI-1). In in vitro 3D culture, keloid fibroblasts
show elevated collagen accumulation and altered fibrin deg-
radation. PAI-1, a major inhibitor of plasminogen activators
that are responsible for the conversion of plasminogen to
plasmin, is thought to be linked with poor fibrin degradation
observed in keloids [22]. For proper repair in the wound
healing process, the temporary fibrin matrix must be degraded
and replaced by fibroblast-synthesized collagen.

In addition to organ fibrosis, PAI-1 also plays a role in
tumor progression. Not only is it highly expressed in tumor
biopsies but it also is prognostic for disease progression and
relapse in certain cancer types, one being breast cancer [63].
It has been shown to induce tumor vascularization, promote
cell dissemination, and tumor metastasis [63]. Keloid-
derived fibroblasts are elevated in expression of TGFb-1 and
TGF-b2 [61,64].

TGFb has profound effects on PAI-1 upregulation in
tissue and organ fibrosis. TGFb increases the production
of ECM molecules, such as the stimulation of collagen,
by cells and slows down their removal by upregulating
protease inhibitors (TIMP1 and PAI-1) and down-
regulating protease (MMP1 and uPA) expression [59].
Elevated TGFb-1 in hepatocellular carcinoma and breast,
lung, and prostate cancer patients correlates with poor
outcomes [65].

In breast cancer, TGFb-1 exhibits a dual role as both a
tumor suppressor and oncogenic driver. In early stages of
breast cancer, TGFb-1 shows tumor suppressive effects by
inhibiting epithelial cell cycle progression and promoting
apoptosis. However, in the late stages of breast cancer,
TGFb-1 is correlated with increased tumor progression,
higher cell motility, cancer invasiveness, and metastasis
[66]. Similar to TNBC, keloid scarring has a higher preva-
lence in African Americans and in individuals between the
age of 10 and 30 [67,68]. Age and race appear to be com-
mon factors between keloid scarring and more aggressive
cancer subtypes such as TNBC.

Data indicate that breast cancer in young women (<40
years old) has a poorer prognosis and higher mortality rate
compared to breast cancers diagnosed in older women
[69,70]. Furthermore, young African American women (<40
years old) are more likely to be diagnosed at younger ages
with a more aggressive TNBC subtype [71,72]. The com-
monalities between keloid scarring and TNBC may offer
more insight into the role of age, stem cells, and more ag-
gressive tumors.

The TME

The TME is a heterogeneous network consisting of a
diverse cell population and ECM components. The cellular
and extracellular network communicates with the tumor
cells, creating an intricate signaling system. The ‘‘seed and
soil’’ hypothesis initially put forth in 1889 suggests that the
host microenvironment (the soil) is required for optimal
growth of the tumor cells (the seed) [73]. This hypothesis
has driven a shift from a primary focus on the tumor cells

FIG. 3. Chronic wounds exhibit similarities to tumors. Acute wounds exhibit adequate angiogenesis that aids in fibroblast
proliferation, reepithelialization, and neutrophil infiltration. On the contrary, chronic wounds exhibit poor angiogenesis,
elevated neutrophil infiltration, persistent bacterial infections, and decreased fibroblast proliferation. Higher infiltration of
inflammatory cells leads to the excessive secretion of inflammatory markers, which leads to growth factor and ECM
degradation. The chronic inflammation also prevents macrophage polarization from an inflammatory to anti-inflammatory
phenotype, which prevents resolution of the wound and maintains it in a nonhealing state. Similar to chronic wounds,
tumors also exhibit higher neutrophil and macrophage infiltrate, increased levels of proinflammatory cytokines, and ECM
degradation as a result of inflammation. Unlike chronic wounds, tumors increase collagen synthesis. This figure was created
using BioRender.com.
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instead to the characterization and analysis of the interac-
tions between the tumor stroma and the tumor cells. The
communication between the host stroma and tumor cells
drastically impacts tumor growth and progression. Dvorak
describes tumors as ‘‘wounds that do not heal’’ and em-
phasizes the similarities of normal wound healing to tumor
stroma generation [74].

Similar to the phases of wound healing, tumor stromal
generation exhibits neoangiogenesis, infiltration of fibroblasts
and immune cells, and remodeling of the ECM (Table 1).
Tumors recruit supporting cells from the local host stroma,
which promote ECM remodeling, cellular migration,
neoangiogenesis, invasion, drug resistance, and evasion of
immunosurveillance through the production of growth

Table 1. Paracrine Factors Observed in Wound Healing and Tumorigenesis

Paracrine
factor Role in wound healing Role in tumorigenesis

ASC-mediated
cancer type

Differentially
expressed
with age

CCL5 Macrophage recruitment Immune cell recruitment, stimulates
angiogenesis, modulates ECM,
tumor cell proliferation, enhances
tumor cell migration and
invasiveness

Breast cancer [80] Unknown

GDF11 Activates fibroblasts in hemostasis
and proliferation phases,
activates platelets in clot
formation, increases
angiogenesis/cell proliferation/
cell migration/ECM production

Induces tumor suppressive and
oncogenic properties

N/A Unknown

IL-6 Regulates chronic inflammation,
macrophage recruitment,
macrophage polarization

Chronic inflammatory environment
can lead to tumor development,
enhances migration and
invasiveness of tumor cells

Breast Cancer [81,82] X

IL-8 Stimulates angiogenesis,
granulocyte recruitment

EMT, neutrophil migration Breast cancer [81,82] Unknown

LEP Stimulates angiogenesis, cell
proliferation, and differentiation,
keratinocyte migration

Increases TNF-a and ROS
production, increases MCP-1
expression, increases endothelial
cell proliferation and migration,
increases tumor cell invasion and
metastasis

ER+ breast cancer [82] X

MCP-1 Macrophage recruitment Involved in tumor progression and
metastasis

Bladder cancer,
Breast cancer
[81], Melanoma [83]

Unknown

PAI-1 Keratinocyte migration, fibroblast
migration and fibroblast-
myofibroblast differentiation

Tumor cell migration and
metastasis, macrophage
migration and polarization,
inhibits fibrinolysis, cell adhesion

Breast cancer [80],
Colon cancer [80]

Unknown

PDGF Stimulates chemotaxis,
proliferation, and new gene
expression in macrophages and
fibroblasts

ECM remodeling Breast cancer [84] X

SDF-1 Chemotaxis of ASCs SDF-1-CXCR4 expression
associated with EMT phenotype,
contribution to hormone
independence via SDF-1-
CXCR4-ER-a crosstalk

ER+ breast cancer [81] X

TGF-b1 ECM production and remodeling Promotes EMT, increases tumor
cell motility and metastasis, ECM
remodeling

Breast cancer [81] X

TNF-a Upregulated in inflammatory phase,
ASCs stimulate macrophages to
secrete TNF-a

Development of tissue architecture for
tumor growth and metastasis, EMT
with long-term exposure to TNF-a

ER+ breast cancer
[80], Breast
cancer [84]

X

VEGF Stimulates collagen deposition,
angiogenesis, and epithelization

Stimulates angiogenesis, enhances
tumor cell invasiveness and
migration

Melanoma [83],
Breast
cancer [81,84]

X

N/A indicates that no information was found in the literature that supports the role of GDF11 in ASC-mediated cancer. The X indicates
that patient age plays a role in the expression of the specified paracrine factor.

ASC, adipose stromal/stem cell; ECM, extracellular matrix; EMT, epithelial to mesenchymal transition; ROS, reactive oxygen species;
LEP, leptin; MCP-1, monocyte chemoattractant protein 1; PDGF, platelet-derived growth factor; TGF, transforming growth factor; TNF,
tumor necrosis factor; VEGF, vascular endothelial growth factor.
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factors, chemokines, and cytokines [75]. The supporting
cells include fibroblasts, myofibroblasts, endothelial cells,
adipocytes, MSCs, and various immune cells [76–78].

The infiltration of the cellular recruits is in response to
tumor-driven inflammation [79]. Changes in the TME mir-
ror the process of chronic inflammation, which initiates with
ischemia followed by interstitial and cellular edema, the
appearance of immune cells, growth of blood vessels, and
tissue repair [79].

Chronic inflammation aids in shaping the TME and has
been referred to as a host reaction to the tumor; however, it
is more appropriate to characterize this response as a tumor-
promoting reaction [79]. The hypoxic environment of the
tumor stimulates an inflammatory phenotype in the infil-
trating cells and favors specific inflammatory cells, includ-
ing phagocytic macrophages and granulocytes [79]. In
contrast, wound-associated hypoxia drives angiogenesis and
neovascularization at the site of injury [45].

Human ASCs exhibit increased proliferation in hypoxic
conditions and with increased antioxidants. Furthermore,
antioxidants were found to increase the expression of
stemness genes and the differentiation potential of ASCs
[85]. It has been well documented that physiological levels
of ROS are important for proper differentiation of stem
cells, especially for vasculogenesis (new blood vessel for-
mation) [86].

The careful balance of antioxidants and ROS influence
stem cell activities by mitigating oxidative stress through the
neutralization of free radicals, increasing the expression of
antioxidant enzymes, influencing differentiation fate of pre-
cursor stem cells, increasing genomic stability, improving
stem cell adhesion, and the ability to manipulate stem cell
proliferation with varied antioxidant concentrations [87]. Si-
milar to wound healing, tumors experience hypoxia and ROS.

Early in tumor development, tumor cells activate hypoxia-
responsive genes, which in turn stimulate the influx of in-
flammatory cells into the TME. Hypoxia activates the nuclear
factor-kappa B (NF-kB) signaling pathway, which plays a key
role in signaling of cancer cells and tumor-infiltrating leuko-
cytes [88–90].

NF-kB activation leads to the secretion of TNF-a, a
proinflammatory cytokine involved in systemic inflamma-
tion, and other pro-inflammatory cytokines that drive the
expression of cytokine genes responsible for cell prolifera-
tion. In response to the proinflammatory cytokine cascade,
tumor and stromal cells produce a wide array of biological
mediators that help maintain the cell proliferation and dif-
ferentiation, matrix remodeling, neoangiogenesis, and cell
migration/recruitment necessary for tumor growth.

MSCs, one of the supporting cell populations of the tumor
stroma, are of particular interest in the development and
progression of breast cancer because of their release of cy-
tokines and growth factors that enhance the inflammatory
nature of tumors. Due to the role of hypoxia in ROS and
wound healing, it may be suggested that ROS and hypoxia
alter stem cell function in the TME. To date, the role of
patient age has not been evaluated with respect to stem cell
response to hypoxic conditions in the tumor.

Once recruited to the TME, ASCs also undergo pheno-
typic changes into a more aggressive CAF cell type. CAFs,
an alpha-smooth muscle actin (a-SMA), tenascin-C, nestin,
neural/glial antigen 2 (NG2), and PDGFR-a positive cell

population, have been shown to increase tumor aggres-
siveness through cytokine-mediated activities [80,91]. There
are no studies to date validating the role of age in ASC-CAF
transition and tumor stroma integration.

Some MSCs have a natural proclivity to induce inflam-
mation because their tissue of origin, such as adipose tissue
or bone marrow, actively participates in physiologic and
pathologic processes, including immunity and inflammation.
As one of the body’s largest endocrine organs, adipose tis-
sue releases a variety of proinflammatory and anti-
inflammatory factors, including the adipokines leptin (LEP)
and adiponectin (ADIPOQ), as well as cytokines and che-
mokines such as TNF-a, IL-6, and MCP-1 [92].

ASCs: Their Role in the Physiological Wound

Adipose tissue has been established as a viable source of
stromal/stem cells that exhibit both multipotency and im-
munomodulatory characteristics [93–95]. The regenerative
capacity of ASCs is harnessed through their secretome.
ASCs secrete a wide variety of growth factors (PDGF, FGF,
VEGF, and HGF) and cytokines/adipokines [SDF-1, IL-6,
IL-8, TGF-a, angiopoietin (ANGPT)] that act as mediators
of angiogenesis, immune modulation, and stromal remodel-
ing [96–98]. In vivo, ASCs reside in the stem cell niche,
where they are surrounded by the ECM and other supporting
cells [99]. The stem cell niche, more commonly referred to
as the microenvironment, modulates the ability of ASCs to
differentiate, proliferate, and migrate as they aid in the res-
toration of cellular age defects and tissue repair [100].

In response to injury, ASCs shift the inflammatory phe-
notype of local immune cells to a more anti-inflammatory
phenotype via soluble factors [101]. This shift is done
through the modulation of inflammatory profiles of macro-
phages, T cells, B cells, and dendritic cells, which in turn
furthers the proliferative and remodeling phases of the
wound healing process [102,103]. Many of the soluble
factors described above are also associated with modulating
the expression and/or secretion of multiple growth factors,
cytokines, chemokines, and inflammatory markers that are
linked to both wound healing and cancer development and
progression [82,104–111]. Here, we will first evaluate these
secreted factors as they pertain to wound healing.

ASCs promote vascularization of the wound via the secre-
tion of angiogenic factors. VEGF is a key angiogenic growth
factor because of its ability to promote endothelial progenitor
cell mobilization, recruitment, and migration, which acceler-
ates angiogenesis in the wound [112]. Many angiogenic fac-
tors, including VEGF, PDGF, and ANGPT, are secreted
throughout several phases of the wound healing process to
facilitate angiogenesis [113]. Heo et al. determined that TNF-
a-activated ASCs produce proinflammatory cytokines IL-6
and IL-8 that further aid in angiogenesis and epithelium re-
generation in wound repair [114].

The proinflammatory cytokine TNF-a is not only secreted
by ASCs but is also upregulated in the inflammatory phase of
wound healing. ASCs stimulate macrophages to secrete TNF-
a, which further aids in activation, proliferation, apoptosis,
and differentiation of other macrophages. In physiological
wound healing, ASC-secreted IL-6 aids in macrophage re-
cruitment and macrophage pro- and anti-inflammatory-like
phenotypes [115].
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Macrophages consist of two subtypes, the classically ac-
tive proinflammatory M1 and the alternatively activated
anti-inflammatory M2 [116]. ASC secretion of specific cy-
tokines and factors such as IL-6 stimulates M2 polarization,
which promotes healing and inhibits inflammation in tissues
[117–119]. MCP-1, another proinflammatory cytokine pro-
duced by ASCs, promotes macrophage recruitment during
wound healing. Studies have shown that LEP, an adipokine
secreted by ASCs, stimulates angiogenesis, cell prolifera-
tion, and differentiation, and migration of keratinocytes to
enhance wound healing [80].

Circulating levels and protein content of growth differ-
entiation factor 11 (GDF11), a member of the TGF-b su-
perfamily, is affected by pathological conditions and age
[120]. It has a role in multiple phases of the wound healing
process by increasing cell proliferation and migration, an-
giogenesis, and ECM production [100]. TGF-b1 is active in
multiple steps of the wound healing process. It plays the role
of a paracrine mediator that activates fibroblasts, macro-
phages, and ASC secretions [100]. Increased expression of
the chemokine SDF-1 by ASCs amplifies ASC migration to
the wound site [100]. SDF-1 has also been noted as an
important factor in the spread of breast cancer cells [81].
Although these specific soluble mediators have roles in
wound healing, the question arises concerning how their
roles are altered by aging.

Many of the regenerative qualities of ASCs, including
proliferation and differentiation capacity, change with age.
The ASC secretome has been harnessed as a viable treatment
option for chronic nonhealing wounds; however, studies have
yet to characterize the ASC secretome as a function of age
[121]. Several of the aforementioned mediators, including
PDGF, VEGF, IL-6, TNF-a, SDF-1, TGF-b1, and LEP are
affected by aging [1,122]. Although no studies have shown
that ASC-secreted PDGF specifically is impacted by age,
studies indicate that aging results in the enhanced release of
PDGF, TGF-b, and TGF-a from a-granules [1]. Increased
age also correlates with a decline in phagocytic activity of
wound macrophages, leading to an accumulation in the
proinflammatory cytokines IL-6 and TNF-a [1].

In contrast to the tissue environment as a whole, Pandey
et al. revealed that aged ASCs exhibit lower expression of
TNF-a relative to young ASCs [123]. This suggests that the
impact of aging on each cell type is distinct. Aging may
have different effects on immune cells compared to tissue-
derived cells such as ASCs. The expression of VEGF, an
essential regulator of angiogenesis, is also dependent on cell
type. In cutaneous wound healing, VEGF expression de-
clines with aging [1]. In contrast, studies have noted that
ASC-secreted VEGF levels is unaffected by age when active
in bone healing [124]. Aging also results in a decrease in
SDF-1 expression in wound healing.

Similarly, a recent study demonstrated that age affects
ASC production of SDF-1 [1], suggesting that ASC homing
could be impacted by poor SDF-1 at the wound site [1,122].
In addition, age-associated changes in response to hypoxic
conditions play a significant role in the physiologic wound
healing process [125].

With aging, wound response to hypoxia diminishes; thus,
responsiveness to TGF-b1 also diminishes. In normal tissues,
TGF-b1 increases the deposition of collagen by stimulating
its synthesis and minimizing its degradation. In aged wound

tissue, this ratio of synthesis to degradation is imbalanced [1].
Although many of the aforementioned ASC-secreted factors
have been examined as a function of aging, little is known
about the role of gender on ASC paracrine function in tu-
morigenesis and wound healing [126]. More specifically,
there are no studies to date that have focused on gender
specific changes as a function of aging in ASCs.

ASCs: Their Role in the TME

As stated above, PDGF, VEGF, IL-6, TNF-a, SDF-1,
TGF-b1, and LEP are all repressed with age and may result
in decreased wound healing. Although beneficial during
wound repair, both VEGF and PDGF are important for en-
dothelial cell proliferation and vascularization of tumors
[113]. Other proangiogenic factors and proinflammatory
cytokines are elevated in tumors, for example, high serum
levels of both IL-6 and IL-8 are correlated with strong tumor
invasion and poor prognosis in breast cancer [127].

Of note, TNF-a is secreted by ASCs and is associated
with the development of the tissue architecture necessary for
tumor growth and metastasis [80]. Notably, long-term ex-
posure of hormone receptor-positive (HR+) breast cancer
cells to TNF-a results in epithelial to mesenchymal transi-
tion (EMT), endocrine resistance, and a more aggressive
phenotype [128]. Studies have exhibited that chronic in-
flammation associated with excessive IL-6 secretion facili-
tates tumor development [129].

Similar to previously mentioned mediators, MCP-1 is also
involved in breast cancer tumor progression and metastasis
[130]. Some studies have demonstrated that GDF11 induces
tumor-suppressive properties, while others indicate GDF11
promotes tumorigenesis [120]. LEP also plays a crucial role
in tumorigenesis. In HR+ breast cancer, LEP is correlated
with higher recurrence rates and increased invasiveness [81].

In breast cancer, TGF-b1 enhances the progression of
breast malignancies into more malignant phenotypes [81].
SDF-1 and its receptor, chemokine receptor type 4
(CXCR4), play an important role in HR+ breast cancer
[131]. The expression of SDF-1-CXCR4 is associated with
the EMT phenotype. Furthermore, crosstalk between estro-
gen receptor-a (ER-a), SDF-1, and CXCR4 contributes to
hormone independence, making it increasingly difficult to
treat with endocrine therapy [131].

LEP also increases TNF-a expression, ROS production,
MCP-1 expression, and endothelial cell proliferation and
migration, all of which increase cancer cell growth and
mobility [80]. As previously mentioned in terms of keloid
formation, PAI-1 contributes to proper wound healing
through the breakdown of the fibrin clot. Studies reveal that
there is an association between ASC-secreted PAI-1 and
tumor cell invasion and metastasis, as well as a poor prog-
nostic indicator in breast and colon cancers [132,133].

Due to parallels between wound healing and tumor pro-
gression, it may be of value to determine if a tumor’s ability
to induce wound healing factors such as TNFa, IL-6, LEP,
GDF11, TGFb, and MCP-1 is heightened in tumors derived
from young patients. As stated above, PDGF, VEGF, IL-6,
TNF-a, SDF-1, TGF-b1, and LEP are altered by aging [1].
Identifying differences in expression of these factors in a
tumor due to patient age may provide insight on novel ways
to combat the aggressiveness of tumors from younger
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individuals. For example, there are elevated levels of LEP in
young ASCs and links to both wound healing and tumori-
genesis, LEP could be a potential target underlying ampli-
fied tumor aggressiveness observed in young patients. LEP
not only promotes wound healing, but it also plays an on-
cogenic role in breast cancer [91,134,135].

In a study by Pandey et al., LEP expression in aged ASCs
was significantly lower compared to young ASCs [123].
With elevated levels in young ASCs and links to both
wound healing and tumorigenesis, LEP could be a potential
target underlying amplified tumor aggressiveness observed
in young patients.

Once recruited to the TME, ASCs also undergo pheno-
typic changes into a more aggressive CAF cell type. CAFs,
an a-SMA, tenascin-C, nestin, neural/NG2, and PDGFR-a-
positive cell population, have been shown to increase tumor
aggressiveness through cytokine-mediated activities [80].
There are no studies to date validating the role of age in
ASC-CAF transition and tumor stroma integration.

Comparison of ASCs in Breast Cancer

Breast tissue is composed of 90% adipose tissue, gen-
erating permanent interactions between epithelial cells and
adipose cells [136]. Evidence has demonstrated that adi-
pocytes and MSCs may maintain tumor phenotypes by
either behaving as energy reservoirs for neighboring cancer
cells or secreting molecules and vesicles [137–139]. Many
studies have focused on the interactions of ASCs and
breast cancer, but few have emphasized the role of age as a
factor in tissue response to breast cancer [81,140]. Al-
though the relationship between the wound healing re-
sponse and breast cancer has yet to be fully explored,
Agresti et al. and Troester et al. provide compelling re-
search that solidifies the necessity to define this relation-
ship more fully.

After investigating the wound healing fluid (WHF)
composition of breast carcinoma patients after surgery, re-
sults revealed that fluid obtained from the surgical sites
mirrored molecular features of the removed tumor [141].
Multiple factors, including IL-6, G-CSF, and MCP-1, were
upregulated in WHF from patients with invasive breast
cancer. Elevated expression of these factors is also associ-
ated with more aggressive tumors [142,143]. It is also im-
portant to note that the WHF composition varied based on
primary tumor histology, intrinsic subtype, size, grade, and
lymph node status, further reiterating the need to also focus
on patient-specific characteristics such as age when identi-
fying the role of the wound-healing response in breast
tumorigenesis.

The study by Troester et al. not only illustrates an asso-
ciation between the wound healing gene expression signa-
ture and breast cancer survival but also suggests that tumor
heterogeneity contributes to the differential expression of
wound response signatures. The future development of ad-
ditional microenvironment-targeted therapies would require
a more personalized approach in the investigation of tumor
ECM-heterogeneity [144,145].

Conclusions

The link between wound healing and tumorigenesis is
undeniable based on the evidence presented in this review.

Tumor heterogeneity has been presented as an ongoing
challenge for the development of cancer therapeutics. Het-
erogeneity is observed between cancers from different pa-
tients (intratumor heterogeneity) and within a single tumor
(intertumor heterogeneity) [146].

Data are suggestive that ASCs may play a critical role in
the observed wound healing response to cancer. Without
recognition of tumor heterogeneity, the comparison of
wound healing and cancer takes on a more generalized ap-
proach. Here, we suggest that tumor heterogeneity and the
tumor-induced wound healing response may be regulated by
patient stem cell age. The body of evidence investigating
ASCs from this perspective is sparse. Many of the cytokines
and growth factors presented in this review are potential
links between ASCs and the tumor wound.

Specifically, these cytokines have been previously cited in
epithelial stem cell lines [147]; however, there has been little
focus on the effect of ASC age and paracrine activity. With
this said, more short-term experiments focused on the dif-
ferences in aged and young ASC secretome and tumorigen-
esis would be beneficial to bridge this gap in knowledge.
Further, we suggest that, with respect to breast cancer, studies
need to focus on the specific cancer subtype when investi-
gating the effects of ASC age in tumor progression. As
highlighted with keloid scars, a semblance exists between the
body’s response to benign tumors and chronic wounds.

Keloids and TNBC are observed predominantly in both
younger individuals and African Americans. The relation-
ship between keloids and TNBC offers compelling evidence
that the wound healing response mirrors the tumor response
and suggests an age dependent mechanism. To date, an un-
derlying commonality between the wound healing response
in tumors and patient age has yet to be clearly defined.

Author Disclosure Statement

Jeffrey M. Gimble is a cofounder, co-owner, and execu-
tive at Obatala Sciences, Inc.

Funding Information

This publication was supported by U54 GM104940 from
the National Institute of General Medical Sciences of the
National Institutes of Health, which funds the Louisiana
Clinical and Translational Science Center.

References

1. Sgonc R and J Gruber. (2013). Age-related aspects of
cutaneous wound healing: a mini-review. Gerontology 59:
159–164.

2. Tricoli JV, DG Blair, CK Anders, WA Bleyer, LA
Boardman, J Khan, S Kummar, B Hayes-Lattin, SP
Hunger, et al. (2016). Biologic and clinical characteristics
of adolescent and young adult cancers: acute lympho-
blastic leukemia, colorectal cancer, breast cancer, mela-
noma, and sarcoma. Cancer 122:1017–1028.

3. Anders CK, C Fan, JS Parker, LA Carey, KL Blackwell, N
Klauber-DeMore and CM Perou. (2011). Breast carcinomas
arising at a young age: unique biology or a surrogate for
aggressive intrinsic subtypes? J Clin Oncol 29:e18–e20.

4. Anders CK, DS Hsu, G Broadwater, CR Acharya, JA
Foekens, Y Zhang, Y Wang, PK Marcom, JR Marks, et al.

ASC TUMOR AND WOUND RESPONSE BASED ON PATIENT AGE 587



(2008). Young age at diagnosis correlates with worse
prognosis and defines a subset of breast cancers with shared
patterns of gene expression. J Clin Oncol 26:3324–3330.

5. Palmer ML, L Herrera and NJ Petrelli. (1991). Colorectal
adenocarcinoma in patients less than 40 years of age. Dis
Colon Rectum 34:343–346.

6. Marble K, S Banerjee and L Greenwald. (1992). Colorectal
carcinoma in young patients. J Surg Oncol 51:179–182.
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