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Metastasis is the most common cause of death, with treatments failing to provide a durable
response. Aging is a key prognostic factor in many cancers. Emerging data suggest that normal
age-related changes in the tumor microenvironment can contribute to metastatic progression.
These changes encompass secreted factors, biophysical changes, and changes in both
stromal and immune cell populations. These data also highlight the importance of conducting
studies in preclinical models of appropriate age. Ultimately, therapies may also need to be
tailored to reflect patient age, as markers of metastatic disease differ in young and aged
populations. In this review, we will discuss some of the changes that occur during aging
that increase the metastatic capacity of tumor cells.

M

etastasis is the major cause of cancer-related deaths, with the majority of treatments
failing to provide a durable response. Cancer is
referred to as a disease of aging. Incidence rates
dramatically increase as we age, and cancer is the
number one cause of death in 60–79 yr old individuals (Siegel et al. 2018). Alarmingly, the probability of developing invasive cancer in patients
aged 60 or older is double that of younger patients (Siegel et al. 2018). While this implicates
age-related changes within the body as a potential factor in driving a metastatic tumor phenotype, few studies have directly linked tumor cell
dissemination, extravasation, dormancy, metastatic outgrowth, and other metastatic progressive factors with an aged microenvironment.
Given the vast improvements seen in healthcare

and technology, The World Health Organization estimates a shift in the proportion of the
world’s population over 60 yr old from 12% to
22% by 2050, with an estimated population of
over 2 billion people. This places an emphasis on
more studies needed to investigate age-related
contributions toward metastatic disease for effective therapeutic targeting.
Genomic pairwise analysis of patient primary tumor and distant metastases across many
tumors reveal mutations common to both, but
importantly, identiﬁes mutations that are distinct to metastasis (Steeg 2016). Despite the
clear contribution that certain driver mutations
play in promoting metastasis, in vivo modeling
within many cancer subtypes reveal no changes
in mutational status. This emphasizes the im-

Copyright © 2020 Cold Spring Harbor Laboratory Press; all rights reserved
Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a037341

81
© 2020 by Cold Spring Harbor Laboratory Press. All rights reserved.

This is a free sample of content from Metastasis: Mechanism to Therapy.
Click here for more information on how to buy the book.

M. Fane and A.T. Weeraratna

portance of both the tumor microenvironment
(TME) and premetastatic niche environments
as key contributors toward the reprogramming
of cancer cells toward states that promote metastatic progression. As we age, tissue microenvironments change dramatically, and we are now
only beginning to understand how signiﬁcant
these changes are in driving tumor metastasis.
For example, very recent studies have shown that
the multistage model of carcinogenesis (tumor
initiation, tumor promotion, malignant conversion, and tumor progression) requires incorporation of aging-dependent somatic selection to
make it capable of generalizing cancer incidence
across tissues and species (Rozhok and DeGregori 2019). This process of somatic selection has
been deﬁned as noncell-autonomous and is
driven by microenvironment-imposed increases
in positive selection for previously accumulated
genetic/phenotypic diversity in aged tissues
(Rozhok et al. 2014).
The mechanisms of cancer progression
and aging underlie an accumulation of cellular
damage and other genomic changes at the
transcriptional and epigenetic level over time.
The process of aging (decreased function and
growth) versus cancer (increased growth and
survival) seem diametrically opposed, however,
studies show that many of the hallmarks of aging
are in fact shared with cancer (Aunan et al.
2017). The stromal microenvironment within
tissues is made up of many components including ﬁbroblasts, endothelial cells, pericytes, adipocytes, extracellular matrix (ECM), immune
cells, and more. Even though many of these populations appear to decrease functionally as we
age, these changes appear to promote efﬁcient
metastatic progression in established TMEs and
within premetastatic niches.
This chapter will focus on the role that agerelated changes in tumor and tissue microenvironments play in promoting efﬁcient metastatic
progression. We will discuss the interactions
between cancer cells and aged microenvironments, focusing on how aging can reprogram
ﬁbroblasts, the ECM and immune subtypes
and inﬁltration to promote progression and
the effect that this has on targeting metastatic
populations therapeutically.
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AGE-RELATED SECRETED CHANGES DRIVE
METASTASIS

The intrinsic changes required for tumor
initiation, growth, and progression are well documented. Malignant transformation often requires genetic mutations in growth pathways
to drive hyperproliferation and bypass senescence. Many of the hallmarks of aging promote
this. These include increased genomic instability, telomere attrition, epigenetic alteration, impaired proteostasis, and deregulation of nutrient
sensing (Campisi 2013; Aunan et al. 2017; Zinger et al. 2017). Environmental factors to which
we are exposed as we age, such as UV exposure,
alcohol, smoking, and pollution, further contribute to the chronic accumulation of DNA
damage and other events associated with cellular aging. Paradoxically, many of these factors
involved in aged tissue evolution that promote
malignant transformation and hyperplastic
growth also contribute to growth arrest (senescence), apoptosis, and degradation of other cells
and structural tissue components. There is a signiﬁcant correlation between these age-related
degradative features within tissues/cells and
cancer cell metastasis. Studies are now ﬁnally
beginning to investigate a direct link between
local and systemic aging of tissue and metastatic
progression.
Fibroblasts are the most common stromal
component within tissues. They play an integral
role in maintaining the homeostatic integrity
within tissues. These cells are required for the
synthesis of ECM and collagen necessary for the
structural integrity of connective tissue and play
a key role in wound healing and inﬂammation.
These processes are achieved in large part
through secretion of soluble factors into the microenvironment. These factors include cytokines, chemokines, growth factors, enzymes,
and structural components of the ECM (Coppé
et al. 2010a; Campisi 2013). Given the dynamic
nature of different tissue microenvironments,
there is large context speciﬁcity within different
tissues which tightly regulates the soluble factors
secreted by ﬁbroblasts along with their migratory and proliferative characteristics. For example,
the ﬁbroblast renewal rate (growth and prolifer-
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ation) is highly diverse throughout the body,
with factors including local temperature, vascularization, mechanical stress, and hormonal response within the microenvironment contributing to this diversity (Ruchti et al. 1983). The agespeciﬁc changes that occur in ﬁbroblasts and
other stromal components during aging are
also likely to differ between organ sites. One of
the distinctive features of aging in ﬁbroblasts
involves them adopting a senescent phenotype.
Furthermore, aged ﬁbroblasts undergo distinct
metabolic changes, and have higher levels of
reactive oxygen species (ROS) and nitric oxide
(NO). This allows them to create a hostile microenvironment that not only promotes tumorigenesis, but that tumor cells can co-opt to become more aggressive (Martinez-Outschoorn
et al. 2010, 2011; Pavlides et al. 2010; Balliet
et al. 2011).
Cellular Senescence—A Model of Aging?

Cellular senescence refers to the process of irreversible cell growth arrest. It is linked to many of
the cellular processes of aging described above
but can also occur in direct response to intrinsic
or extrinsic oncogenic stimuli. It is a key homeostatic mechanism used by cells to inhibit malignant or uncontrolled growth of cells. Often,
immune components can recognize senescent
cells and clear them from the microenvironment. However, senescence induction is an example of antagonistic pleiotropy. This is deﬁned
as a singular gene trait that elicits a phenotype
that can be simultaneously beneﬁcial and detrimental to an organism. Accumulation of senescent cells is one of the key pathological features
associated with aging, and is highly prevalent
within ﬁbroblasts (Campisi 2013; Faragher
et al. 2017; McHugh and Gil 2018; Calcinotto
et al. 2019). As we age, it is hypothesized that a
reduction immune function decreases the recognition and clearance of these growth-arrested
cells, which eventually results in their accumulation (Burton and Stolzing 2018). Given the
accumulation of senescent ﬁbroblasts throughout the body as we age, senescence was originally
used as an artiﬁcial model to study aging of ﬁbroblasts (Campisi and Robert 2014). However,

as we will discuss below, recent studies show that
while there is a great similarity between senescence and aging, not all secreted markers of senescence are preserved in aging cells, and aging
cells can have an impact on tumor cells that extend beyond that of senescence (Kaur et al.
2016a; Behera et al. 2017).
Age-dependent accumulation of senescence-associated secretory phenotype (SASP)
cells can contribute to metastatic progression
by reprogramming primary TMEs to drive tumor cell dissemination and by reprogramming
premetastatic niches microenvironments over
time to a state that is growth permissive for malignant or dormant tumor cells (Fig. 1). Senescent ﬁbroblasts and many SASP factors have
been shown to induce invasion in many types
of cancers in culture (Krtolica et al. 2001; Lawrenson et al. 2010; Kim et al. 2013). Furthermore, coinjection of senescent ﬁbroblasts, but
not nonsenescent ﬁbroblasts, stimulates metastatic progression of various mouse and human
tumors in immunocompromised and syngeneic
mice (Krtolica et al. 2001; Liu and Hornsby
2007). Below, we discuss the role of senescence
in cancer metastasis.
Senescent-Associated Secretory Phenotype
in Cancer Cell Metastasis

One of the key features of senescence in cells is
a widespread change in epigenetic gene expression (Maegawa et al. 2010), whereby cells
dramatically increase the secretion of proinﬂammatory cytokines, chemokines, growth factors, and proteases. This secretome is deﬁned as
the senescence-associated SASP (Coppé et al.
2010a). Typically, the SASP is thought to be
made up of about 75 secreted factors which
has been extensively reviewed (Coppé et al.
2010a; Campisi 2013; Campisi and Robert
2014). Many of these SASP factors have highly
diverse functions that can promote efﬁcient
metastatic progression (Fig. 1). A large group
of proteases including matrix metalloproteases
(MMPs), plasminogen activators (PAI), and tissue plasminogen activator (TPA) (Coppé et al.
2010a) act to reinforce the invasive phenotype in
many malignancies via remodeling of the ECM.
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Primary tumor in aged TME
Healthy aged skin fibroblasts:
Increases in sFRP2 secretion and others,
decreases in Klotho, HAPLN 1 and others
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fibroblasts:
Increases in IL6, IL8,
IL10, PAI1, CXCL1/2
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Paracrine SASP factors
reprogram healthy
fibroblasts towards
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Figure 1. Secreted changes in the aged TME. Fibroblasts make up the largest proportion of the stromal micro-

environment in tissues. They are responsible for regulating tissue structure via ECM deposition and supporting
cellular and microenvironmental homeostasis via the tightly regulated secretion of soluble factors such as
cytokines, chemokines growth factors, and other key signaling proteins. A decrease in ﬁbroblast renewal rate
in the elderly, coupled with decreased senescent cell clearance by the immune system results in aged tissue
microenvironments having an accumulation of SASP ﬁbroblast cells. The SASP is composed of about 75 deﬁned
soluble factors that promote metastatic progression via a diverse range of functions. A large number of proteases
(MMPs, PAI, TPA) promote ECM remodeling to reinforce an invasive phenotype within the primary tumor and
enable a growth permissive ECM in the metastatic tissue. They secrete angiogenic factors such as VEGF to
promote angiogenesis to allow efﬁcient dissemination and nutrient supply, and a large number of growth factors
(IGFBP, CSF) to reinforce an aggressive cancer phenotype. Cytokines and chemokines including CXCL1-2, IL6,
IL10, GMCSF, and others allow them to promote an immune microenvironment that favors metastatic progression. Many of these factors also appear to have powerful paracrine effects, which can induce a SASP phenotype in
surrounding stromal cells. SASP ﬁbroblasts also promote extensive ECM remodeling to increase key signaling
components involved in metastatic outgrowth along with structurally altering deposition to promote invasion of
tumor cells and efﬁcient immune cell trafﬁcking. Finally, dramatic metabolic changes in SASP cells results in the
secretion of high energy metabolites, coupled with an increase in ROS and NO production, which not only
further reprograms the microenvironment but also increases cancer aggressiveness. Recent evidence from our
group shows that aging within the skin reprograms the ﬁbroblast secretome of healthy patients. Aged skin
ﬁbroblasts secrete factors such as sFRP2, while decreasing secretion of molecules such as Klotho and HAPLN1,
which signiﬁcantly increases tumor cell invasion, dissemination, tumor angiogenesis, ECM remodeling, and
resistance to targeted therapy. It remains to be seen if aging has an effect on healthy patient ﬁbroblast secretomes
in other tissues. Such a phenomenon may promote aggressive primary tumors or premetastatic niche formation
which may help explain increased cancer metastasis in aged patients.

These proteases also regulate the activity of other soluble factors via cleavage and induce their
activation/degradation to promote growth at
distant metastatic sites (Coppé et al. 2010a; Gialeli et al. 2011). The SASP can also overcome
age-related decreases in systemic angiogenesis
84

(Moriya and Minamino 2017) by secreting vascular endothelial growth factors (VEGF). Senescence induction within ﬁbroblasts also results in
a metabolic switch toward aerobic glycolysis,
along with increased mitochondrial dysfunction
and hydrogen peroxide production. As such,
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SASP cells secrete a large number of high energy
metabolites including lactate, ketones, and glutamine into the microenvironment (MartinezOutschoorn et al. 2010, 2011; Pavlides et al.
2010; Balliet et al. 2011). These metabolites
have been shown to enhance cancer cell aggressiveness toward an invasive phenotype. SASP
cells also secreted increased amounts of ROS
and NO, which further accelerates age-related
cellular damage that can further promote a permissive metabolic microenvironment for aggressive cancer development.
SASP cells also secrete high amounts of
growth factors and cytokines such as CXCL1–
CXCL2 (Coppé et al. 2010b; Lesina et al. 2016),
IL6 (Zinger et al. 2017), insulin-like growth factor binding proteins (IGFBPs) (Coppé et al.
2008; Elzi et al. 2012; Severino et al. 2013; Sanada et al. 2018), and colony-stimulating factors
(CSF) (Coppé et al. 2008). These factors are capable of modulating the TME toward an aggressive phenotype and also can reprogram premetastatic niche environments to make them
growth permissive. Many of these factors including CXCL1/CXCL2 (Acosta et al. 2008),
IGFBP7 (Wajapeyee et al. 2008), IL6 (Kuilman
et al. 2008), and PAI-1 (Kortlever et al. 2006)
appear to have powerful paracrine effects in the
maintenance and induction of other senescent
cells and can further increases the accumulation
of senescent populations. IL1-α for example, is a
key SASP factor involved in tumor initiation and
progression within pancreatic cancer. Genetic
knockout of the senescence inducing factor
SIN3B in the pancreas in a pancreatic ductal
adenocarcinoma (PDAC) mouse model protected animals from metastatic progression via a
reduction in ﬁbroblast SASP activation and reduced IL1-α secretion (Rielland et al. 2014) and
uncoupling of this pathway within this PDAC
model via IL1-α genetic ablation further inhibited metastatic growth (Lau et al. 2019).
The SASP has been shown to have many
beneﬁcial roles in embryonic development (Munoz-Espin et al. 2013; Storer et al. 2013), wound
healing (Demaria et al. 2014) and alerting the
immune system that clearance of senescent cells
is required. However, age-related accumulation
of SASP cells involved in a number of age-related

pathologies (Baker et al. 2011; Liu et al. 2019)
and as described above, plays a role in driving
tumor cell invasion and progression. While senescence induction and accumulation in stroma
is a key issue in tumorigenesis, senescence plays
an important role in the regulation of cancer
cells. Under normal circumstances, the oncogenic transformation of a normal cell initially
promotes senescence induction to prevent uncontrolled growth and provides a major barrier
for tumor progression. However, malignant cells
often bypass this process through genetic mutation or epigenetic down-regulation of tumor
suppressor associated pathways such as p53/
p21 and p16INK4a/pRB pathway (Lee and
Schmitt 2019). Furthermore, the microenvironmental regulation of certain signaling pathways
can contribute to this. In melanocytes, for example, the BRAF oncogene induces senescence, but
melanocytes can undergo malignant transformation and bypass this senescence via activation
of the canonical Wnt signaling pathway (Kaur
et al. 2016b). Nonmalignant senescent cells that
are able to persist have also been shown to dramatically contribute toward metastatic progression in many models of cancer (Coppé et al.
2010a; Calcinotto et al. 2019; Lee and Schmitt
2019), and this may involve noncanonical Wnt
signaling (Webster et al. 2015).
Secreted Changes—Beyond the SASP

While the accumulation of senescent ﬁbroblasts
and other cells is well documented with age,
there is much debate as to whether these SASP
related effects on tumor development can truly
be attributed to the aging process (Burton and
Faragher 2015; Faragher et al. 2017). Many studies have now shown that the mode of senescence
initiation (oncogene induced, replicative induced, stress induced, and therapy induced)
dramatically alters the SASP factors secreted
by these cells and thus, not all senescence is
equal, nor may it may truly be indicative of aging
(Nelson et al. 2014; Salama et al. 2014; Özcan
et al. 2016).
Recent studies from our group have now begun to show that nonsenescent aged ﬁbroblasts
from healthy human donors appear to promote

Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a037341

© 2020 by Cold Spring Harbor Laboratory Press. All rights reserved.

85

This is a free sample of content from Metastasis: Mechanism to Therapy.
Click here for more information on how to buy the book.

M. Fane and A.T. Weeraratna

melanoma metastasis (Kaur et al. 2016a) and
have a different secretome proﬁle compared to
that of senescent ﬁbroblasts (Fig. 1; Kaur et al.
2018). Using a syngeneic mouse model of melanoma, subcutaneous injection of Yumm1.7
cells resulted in faster-growing primary tumors
in younger animals (8 wk); however aged animals (52 wk) had signiﬁcantly increased vessel
density and lung micrometastasis. Using an organotypic 3D human skin reconstruction, aged
ﬁbroblasts (>55 yr) taken from healthy human
donors induced signiﬁcantly more melanoma
invasion but less proliferation then younger
healthy donors (<45 yr). Proteomic analysis of
conditioned media (CM) from these young
versus aged dermal ﬁbroblasts conﬁrmed that
sFRP2 (a canonical-WNT antagonist) was secreted at signiﬁcantly higher levels in aged
CM and was responsible for the increases in
melanoma cell invasiveness. Furthermore, recombinant sFRP2 treatment in young mice signiﬁcantly increased tumor angiogenesis, lung
metastasis and increased resistance to targeted
therapy.
While sFRP2 is secreted by aged ﬁbroblasts,
just as signiﬁcant are factors that are lost in aged
ﬁbroblasts. These include molecules such as klotho, “the fountain of youth” hormone, and hyaluronan and proteoglycan link protein 1
(HAPLN1), both of which are secreted by young
but not aged ﬁbroblasts. We discuss HAPLN1 in
more detail later in this chapter. Klotho knockout mice present with a plethora of age-related
pathologies, including osteoporosis, atherosclerosis, skin atrophy and so on, and die within 9
mo (Masuda et al. 2005). Klotho transgenic
mice are conversely more robust and live almost
a year longer than their wild-type counterparts
(Kurosu et al. 2005). Klotho is a circulating serum protein that modulates oxidative stress and
suppresses cellular senescence. We have shown
that the loss of Klotho drives melanoma metastasis (Camilli et al. 2011), and alters the metabolism of melanoma cells such that they no longer respond effectively to targeted therapy
(Behera et al. 2017). In conjunction with increases in molecules such as sFRP2 that also
drives metastasis and resistance to targeted therapy, secreted changes in the aged microenviron86

ment seem to converge on a prometastatic environment.

THE MATRIX AND AGING
The Extracellular Matrix and Metastasis

Another highly dynamic microenvironmental
component of the metastatic cascade that continuously evolves during the aging process is the
ECM. The ECM maintains the integrity of tissue
microenvironments and governs protein and
cell-speciﬁc trafﬁcking across the body. It is
deﬁned as the noncellular component of tissue
and provides structural and biochemical support for cells. The ECM provides biochemical
cues to cells via the expression of various proteins such as integrins that are key in regulating
many of the aspects of cancer cell metastasis
including cell adhesion, apoptosis, proliferation,
migration, survival, and invasion. They also
provide biomechanical support to cells via the
cross-linking, stiffness and directionality of
collagen, ﬁbrillar proteins, scaffold proteins and
other molecules that make up the ECMs structure. The ECM is largely secreted by ﬁbroblasts
and is constantly undergoing remodeling
controlled by a delicate balance between degradation and deposition.
The ECM plays a critical role in cancer cell
dissemination and metastatic outgrowth. Cancer
cells must ﬁrst navigate through the ECM scaffold and dense ECM network. Throughout this
process, cancer cells will encounter various ECM
proteins that can aid in altering a cell state toward
invasion/migration during dissemination or
may facilitate extravasation and outgrowth within distant metastatic tissue (extensively reviewed
in Eble and Niland 2019). On the other hand, the
ECM may also impair dissemination and outgrowth by barring the way of cancer cells and
forming impermeable, dense ECM barriers or
structures that inhibit growth. Such a state requires considerable ECM remodeling to facilitate progression. The loss of tissue ECM integrity
is a well-deﬁned feature of an aged microenvironment (Fig. 2), encompasses one of the hallmarks of cancer and is heavily associated with
metastatic dissemination and outgrowth (Hana-
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Young microenvironment

Tumor

Tightly crosslinked ECM
Intact collagen and elastin
Inhibitory to invasion
Increased HAPLN1, fibulin,
fibrillin

Aged microenvironment

Tumor

Aligned ECM, with increased
stiffness
Conducive to invasion
Decreased HAPLN1, fibulin,
fibrillin
Degradation of collagen and
elastin

Figure 2. ECM changes in the aged TME. The manner in which ﬁbroblasts lay down matrix changes with age.
Young dermal ﬁbroblasts lay down matrices that are nonlinear, and in a “basketweave” pattern, and refract light at
multiple different angles. This is visualized as multiple colors. Aged ﬁbroblasts lay down matrices that are linear,
and refract light in a singular direction, visualized as a single color. This change in cross-linking is in part directed
by the loss of HAPLN1 during aging, which acts to stabilize the cross-links of collagen, elastin, and hyaluronic
acid (HA). An aligned matrix predicts for more metastatic behavior. Further breakdown of the ECM around the
vasculature can also affect the predicted route of metastasis for disseminated tumor cells.

han and Weinberg 2011; Pickup et al. 2014; Poltavets et al. 2018; Walker et al. 2018).
ECM Composition Diversity Across Organs

The ECM microenvironment differs greatly due
to the complex variation required for organ
structure and function. While there is diversity
in many of the biochemical cues in an ECM
environment, stiffness and elasticity are very
heterogenous throughout the body and change
dramatically as we age. In healthy individuals,
softer tissues such as the brain, breast, and lung
require a more elastic, “looser” connective tissue
environment, whereas harder tissues such as the
skin and bone require stiffer structures to provide a protective barrier. Pathologically, this diversity in ligand expression and stiffness across
differing microenvironments plays a dramatic
role in cancer progression (Cox and Erler
2011). This diversity makes it much harder to

study the general effects of ECM composition
across various cancer subtypes within the TME
and in the establishment of premetastatic niches. The difﬁculty in general modeling of the
ECM within cancer was recently highlighted
by the fact that cancer cell metastasis does not
ﬁt a linear model of increasing ECM stiffness but
in fact ﬁts a biphasic model, whereby too much
stiffening inhibits metastasis, as cell nuclei are
unable to efﬁciently ﬁt through the smaller
pores created in very stifﬂy cross-linked matrices
(Ahmadzadeh et al. 2017). This ultimately inhibits tumor cell invasion/dissemination along
with extravasation into metastatic tissue sites
(Kaur et al. 2018). Discrete changes in ﬁber realignment, strain-stiffening and increased crosslinking also alter cancer cell metastasis (Levental
et al. 2009; Wang et al. 2014). These overall
changes also have a dramatic effect on immune
inﬁltration within aged tumor models (Kaur
et al. 2018). As such, there is a clear need to
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deﬁne the age-related changes in ECM structure
and function across different tissue and cancer
subtypes.
These site-speciﬁc differences are achieved
via regulation of cross-linking of ECM components and overall collagen density. In the skin,
for example, collagen and elastin are tightly
bound to each other by HA in a basket weave
pattern. HA alterations have been shown to increase the ability of ﬁbroblasts to contract elastin
and collagen matrices (Huang-Lee and Nimni
1994). HA’s role in cancer is believed to be tissue
speciﬁc; reduced HA is associated with increased tumorigenesis in normally HA-rich tissues such as skin (Karjalainen et al. 2000), and it
is known that HA levels decrease dramatically
with aging.
The ECM in Aging and Cancer Cell Metastasis

ECM integrity decreases substantially as we age.
This process is exempliﬁed visually during the
wrinkling of the skin. Age-related changes in the
physical properties of the ECM include decreased collagen density (Diridollou et al.
2001; Fisher et al. 2002; Panwar et al. 2015),
ECM ﬁber area and thickness (Lee et al. 2011;
Oh et al. 2011; Marcos-Garces et al. 2014) as well
as changes in the mechanical properties of the
ECM such as stiffness (Fig. 2; Panwar et al.
2015). Furthermore, natural age-related turnover of collagen cross-linking proteins such as
ﬁbulin, ﬁbrillin, and elastin (Sephel and Davidson 1986; Roark et al. 1995) decreases crosslinking within the ECM which further damages
integrity (Martin and Dean 1993).
Studies from our group provide an example
of how aged microenvironments can drive efﬁcient metastatic progression via age-speciﬁc remodeling of the ECM. Our ﬁrst study found that
in young versus aged healthy human patient ﬁbroblast samples, young dermal ﬁbroblasts secrete high levels of ECM constituents, including
proteoglycans, glycoproteins, and cartilage-linking proteins when compared with aged (Kaur
et al. 2018). The most abundantly secreted was
HAPLN1, a hyaluronic and proteoglycan link
protein. HAPLN1 is a cross-linking protein
that stabilizes proteoglycan monomer aggregates
88

with HA. It was originally thought that this protein was secreted exclusively by tumor cells during invasion (Naba et al. 2012). However, we
speciﬁcally found that HAPLN1 expression was
secreted by young ﬁbroblasts and is lost in
healthy aged human skin ﬁbroblasts. These
changes resulted in a decrease in collagen density
and ﬁber cross-linking (Fig. 2). There was also a
dramatic increase in ﬁber alignment, which promoted melanoma cell invasion and increased
dissemination from the primary tumor.
A follow-up to this study from our group
investigated the importance of ECM breakdown
on visceral metastases (Ecker et al. 2018). Paradoxically, melanoma patients have lower rates of
sentinel lymph metastases but have inferior survival and increased visceral metastases (Page
et al. 2012). Our study found that lymphatic
expression of HAPLN1 was prognostic of
long-term survival. HAPLN1 secreted from ﬁbroblasts reduced endothelial cell permeability
via modulation of VE-cadherin junctions.
Treating aged mice with recombinant HAPLN1
increased lymph node metastases while reducing visceral metastases. These ﬁndings may have
considerable clinical implications for other cancers that follow a sequential model of progression, where cancer cells spread from the primary
tumor, to the lymph node, and then ﬁnally to
visceral sites (Leong et al. 2006). Importantly, it
highlights the importance of maintaining a
dense and tightly cross-linked ECM across various microenvironments to inhibit visceral metastatic outgrowth. However, as we will discuss
below, it highlights context speciﬁcity in that
many cancers require increased stiffness, crosslinking, and density within their microenvironment to induce a metastatic phenotype.
Site-Speciﬁc Stiffening of ECM in an Aged
Microenvironment is Required Contextually
for Tumor Progression

Age-related increases in senescent stromal components with a SASP phenotype can secrete
soluble factors that contribute to ECM remodeling and matrix stiffening in the local microenvironment (Mavrogonatou et al. 2019). This
appears to be a key factor in the TMEs in softer
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tissue environments which require increased
cross-linking and stiffening to allow tumor dissemination. This phenomenon can account for
the fact that while the body-wide breakdown of
ECM architecture occurs rapidly with aging, local age-related stromal accumulation of SASP
cells may foster a tumor-speciﬁc niche required
for metastasis. Very few studies have directly
linked these mechanisms with aging. Malignancies of the lung, breast, and other soft-tissue
environments are directly correlated with age
and increases in ECM stiffness, cross-linking
and collagen density (Benz 2008; Burgstaller
et al. 2017). Studies in the aged lung have shown
that age-related accumulation of SASP cells increase collagen density and cross linking when
compared with the young lung in both human
and mouse samples (Calhoun et al. 2016). Similarly, aging of human breast ﬁbroblasts via passaging in culture has been shown to signiﬁcantly
increase secretion of MMPs, proteases, growth
factors and other ECM modifying components
(Martens et al. 2003), however, an actual comparison of young versus aged human breast ﬁbroblast secretomes was not performed. Further
studies are warranted to link these age-induced
changes in soft-tissue environments with ECM
remodeling and cancer progression.
Overall, these ﬁndings highlight the importance of physical changes in the ECM as a mediator of tumor cell trafﬁcking and metastasis.
Unfortunately, few studies have been performed
directly investigating age-related ECM remodeling on metastatic outgrowth or premetastatic
niche formation. There is also a clear need for
more mechanistic studies to be performed on
the role of aging in immune, SASP and stromal
related regulation of ECM components required
for metastatic progression. Understanding these
inﬂuences may allow a therapeutic avenue to
alter the ECM and potentially inhibit metastasis.
THE IMMUNE MICROENVIRONMENT
Inﬂammaging and Metastasis

A new concept emerging within the aging ﬁeld is
the idea that an age-related systemic increase in
low-grade chronic inﬂammation (inﬂammag-

ing), coupled with a decrease in effector immune
cell activity and cytotoxicity (immunosenescence) and an increases in systemic immunosuppressive subpopulations may contribute
toward efﬁcient metastatic dissemination and
outgrowth within elderly patients (Fig. 3; Pawelec 2017; Fulop et al. 2018). One of the hallmarks
of aging is an increase in systemic low-grade
chronic inﬂammation, a process termed “inﬂammaging” (Lopez-Otin et al. 2013). This
low-grade, persistent inﬂammatory response
can lead to tissue degeneration, disrupt acute
inﬂammation and is heavily associated with
metastatic progression (Leonardi et al. 2018).
Cellular senescence has been proposed as a key
contributor in linking inﬂammaging to many
age-related malignancies (Leonardi et al. 2018;
Olivieri et al. 2018). SASP induction in stromal
populations results in the persistently increased
secretion of multiple inﬂammatory cytokines
that maintains a low-grade adaptive immune
response. Other age-related changes to the gut
microbiota, obesity, and tissue degradation also
appear to drive the inﬂammaging response
(Zinger et al. 2017). Overall, these age-related
processes appear to drive a chronic inﬂammatory microenvironment which aids in efﬁcient
metastatic outgrowth by increasing systemic
levels of various interleukins (IL1, IL6, IL1-α,
IL1-β), GM-CSF, IFN-γ, Tumor Necrosis Factor
alpha (TNFa), and C reactive protein (CRP).
These factors are heavily associated with multiple morbidities and mortalities in aged patients
(Greene and Loeser 2015; Zinger et al. 2017),
however, more direct studies are required linking this process directly with age-related metastatic progression.
Immunosenescence

Immunosenescence is another contributing factor to many age-related malignancies. It is deﬁned as an age-related dysregulation of the innate immune system, whereby subpopulations
of effector immune cells, and overall immune
function decline (Fig. 3). This process is the result of multiple factors including thymic atrophy (Palmer 2013), decreases in naive T cells
(Haynes et al. 2003), a reduction in memory
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Figure 3. Changes in the aged tumor immune microenvironment. The immune system is crucial in recognizing
and targeting cancer cells in both primary and metastatic sites. One of the critical factors involved in age-related
pathologies is immunosenescence, a process deﬁned by a decline in effector immune function. Subpopulations of
effector immune cells including CD4/CD8 T cells, NK cells, macrophages, B-cells, and dendritic cells, all
dramatically decrease in cytotoxic activity during the aging process. Studies are now ﬁnding that age-related
immunosenescence seems to induce a systemic subtype switch toward more suppressive immune populations. In
particular, MDSCs and Tregs are signiﬁcantly increased in aged tissues and blood, and contextually contribute
toward the progression of aged tumor models. These components are also critical for the establishment of
premetastatic niche across many cancer subtypes; however, a direct relationship between aging and these
populations in premetastatic niche formation has yet to be established. Furthermore, effector cells such as
macrophages appear to switch phenotypically toward suppressive M2 states in the elderly, which has been shown
to promote cancer cell aggressiveness and metastatic disease, but more direct studies of their involvement in agerelated metastasis are warranted. The accumulation of SASP stromal components also results in “inﬂammaging,”
a process deﬁned by persistent low-grade inﬂammation. This process has been shown to disrupt acute inﬂammatory responses toward malignant tissue, induce inﬁltration of immunosuppressive MDSCs and promote the
secretion of anti-inﬂammatory components. These overall changes in immune subtype and functionality appear
to contribute toward immune evasion in primary and metastatic tumor sites, while also allowing an immunosuppressed premetastatic niche that promotes efﬁcient outgrowth and increased trafﬁcking of disseminated
cancer cells toward these sites. More studies are warranted to directly relate age-related systemic increases in
immunosuppressive populations and the effect it has on metastasis, speciﬁcally investigating how they may
contribute to invasion and ECM remodeling.

T cell function (Saule et al. 2006) and decreased
antigen recognition diversity by T cells (Yager
et al. 2008). Inﬂammaging appears to play a key
role in accelerating many of these processes, as
chronic inﬂammatory signals and responses associated with this process are often inhibitory
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(Fulop et al. 2018). Along with T cell loss of
function, NK cells, macrophages, and dendritic
cells, which play an immediate role in tumor
recognition and suppression, appear to also undergo phenotypic decreases in cytotoxic activity
as we age (Fig. 3; Colonna-Romano et al. 2004;
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Gayoso et al. 2011; Linton and Thoman 2014;
Linehan and Fitzgerald 2015). Age-induced
immunosenescence occurs largely in effector
T cells and other immune subtypes crucial for
tumor immunity. It has been hypothesized by
our group and others that these changes may
induce a shift toward the activation and inﬁltration of more immunosuppressive populations in
the elderly, which may be key in the establishment of a premetastatic niche or a TME that
promotes dissemination (Hurez et al. 2018).
Immune Suppressive Populations in the Aging
Microenvironment
Tumor-Associated Macrophages

Studies have shown that M2 tumor-associated
macrophages (TAMs), which have an immunosuppressive phenotype, are signiﬁcantly higher
in the spleen and bone marrow of aged mice
(Jackaman et al. 2013). While the binary M1–
M2 classiﬁcation of macrophages is heavily debated, there is a large amount of evidence that
these M2-like immunosuppressive macrophages are key drivers of metastatic progression in an
aging context (Aras and Zaidi 2017). TAM induction has also been shown to play a role in
setting up a premetastatic niche in the liver by
secreting CXCL1 and inducing the recruitment
of myeloid-derived suppressor cells (MDSCs),
which are necessary for efﬁcient colorectal metastasis (Wang et al. 2017).
Myeloid-Derived Suppressor Cells

One of the key elements that appears to link
inﬂammaging to many types of cancers involves
the recruitment of immunosuppressive MDSCs.
MDSCs are a heterogenous population of cells
deﬁned by their myeloid origin that are potent
repressors of T cells through secretion of Arg-1,
TGFB, and ROS (Veglia et al. 2018). MDSCs are
also signiﬁcantly linked to the formation of the
premetastatic niche in a wide variety of cancers
by inducing an immunosuppressive microenvironment that allows outgrowth without being
targeted by the immune system (Wang et al.
2019). They also play a key role in promoting

tumor-speciﬁc trafﬁcking toward metastatic tissue sites (Wang et al. 2019). Studies using the
ret transgenic spontaneous murine melanoma
model show that persistent up-regulation of inﬂammaging factors such as IL-1β, GM-CSF and
IFN-γ correlate with progression (Meyer et al.
2011). These factors induced MDSC inﬁltration
in primary tumor sites and metastatic lymph
nodes. Importantly, treatment with the MDSC
inhibitor sildenaﬁl increased survival, decreased
metastatic outgrowth and decreased these inﬂammaging mediators systemically. MDSCs
show a consistent increase during aging in human blood (Verschoor et al. 2013), bone marrow and lymphoid organs (Hurez et al. 2012) in
mice (Enioutina et al. 2011). MDSCs are one of
the most highly associated immune subtypes in
the formation of the premetastatic niche in cancer (Wang et al. 2019). It is still unclear how they
are recruited to form these premetastatic niches.
It is very possible that age-related increases in
systemic MDSCs (Enioutina et al. 2011) and
other major age-related processes such as
SASP accumulation, inﬂammaging, and ECM
modulation described above may directly link
MDSCs and aging with premetastatic niche formation and age-related cancer predisposition,
however, this has yet to be investigated directly.
Regulatory T Cells (Tregs)

The effects of regulatory T cell (Tregs) contribution to an age-related decline in the immune
response are contradictory (Hurez et al. 2018).
Tregs play a key role in maintaining tolerance to
self-antigens and suppress induction and proliferation of effector T cells. Many studies show a
dramatic increase in Treg number and function
in age-related pathologies, and in organs such as
lymph node and spleen (Sharma et al. 2006;
Rosenkranz et al. 2007; Zhao et al. 2007; Kryczek
et al. 2009); however, others show no change
or reduced contribution in other settings (Kozlowska et al. 2007; Thomas et al. 2007; Kugel
et al. 2018), suggesting they have a contextspeciﬁc role in different microenvironments.
Importantly, Treg recruitment appears to be a
crucial process in the establishment of the premetastatic niche in many cancer subtypes
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(Aguado et al. 2017), however, it has yet to be
established whether the age-related increases in
Tregs seen systemically in certain mouse models
is directly linked with increases in age-related
metastasis.
Age-Induced Proinﬂammatory Populations
Driving Metastatic Progression

An interesting contradictory observation in certain tumors such as prostate cancer shows that
age-induced reprogramming of effector T-cells
and proinﬂammatory cytokines appear to contribute to progression. Many studies in prostate
cancer highlight that CD3+, CD4+, and CD8+
T-cell inﬁltration are seen as protumorigenic
correlate with tumor growth, and increase metastatic spread (Strasner and Karin 2015). This
highlights further microenvironment contextuality required for effector versus suppressive
immune inﬁltration and age in establishing tumor cell metastasis and premetastatic niche establishment. The bone microenvironment provides another important niche that has been
shown to require age-related changes in proinﬂammatory signals for efﬁcient metastatic
growth. Osteoblasts are responsible for bone formation via secretion of a mineralized ECM
(Ducy et al. 2000). The bone microenvironment
is considered growth restrictive to almost all
subtypes of cancers and often promotes dormancy following metastatic dissemination and
requires signiﬁcant remodeling to allow efﬁcient
outgrowth (Sosa et al. 2014; Gao et al. 2017).
Importantly, studies are now showing age-related changes in stromal components of the bone
metastatic niche leads to an accumulation of
senescent populations that contribute toward
metastatic tumor progression. The ﬁbroblasts
accelerate stromal-supported tumorigenesis
(FASST) mouse model uses a stromal-speciﬁc,
estrogen-responsive Cre-recombinase (CreERT2) to create senescent osteoblasts in mice
by inducing expression of the cell cycle inhibitor, p27Kip1 (Luo et al. 2016). This led to the
discovery that IL6-driven SASP secretion led to
an osteoclastogenesis speciﬁc remodeling of the
bone matrix that enabled the formation of a
premetastatic niche for efﬁcient breast cancer
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colonization (Luo et al. 2016). Given that other
cancers such as multiple myeloma are also dependent on a supportive bone microenvironment for their progression (Hameed et al.
2014), it is critical to further understand how
this stromal environment ages and supports tumor progression. These studies also highlight a
potential overlap in age-related immune signaling and the off-target effects they may have on
ECM remodeling and ﬁbroblast function. The
interplay between all three aspects and their dramatic age-associated changes may be key in the
understanding and targeting of metastasis in elderly patients.
CONCLUSIONS

Age is the predominant prognostic factor for the
vast majority of cancers. Cancers arising in the
elderly are often more aggressive, and harder to
treat. As the population ages, understanding the
role of aging in cancer becomes ever more critical. To this end, preclinical studies need to better reﬂect the role of the aging TME in cancer
and the age of patients needs to be considered
when deciding on which course of therapy to
provide. Understanding the molecular and biophysical changes that occur as a result of normal
aging may also provide some insight into the
microenvironmental regulation of cancer metastasis. Targeting age-related changes in the
stroma will likely provide avenues to overcome
therapy resistance and reduce metastatic progression of the cancer cells. Further, changes
that occur in the immune system that occur during aging may augment or hamper some of the
novel therapies we have for the treatment of
cancer, and this needs to be taken into careful
consideration.
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