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Abstract

Most cancers arise in individuals over the age of 60. As the world population is living longer and 

reaching older ages, cancer is becoming a substantial public health problem. It is estimated that, 

by 2050, more than 20% of the world’s population will be over the age of 60 — the economic, 

healthcare and financial burdens this may place on society are far from trivial. In this Review, we 

address the role of the ageing microenvironment in the promotion of tumour progression. 

Specifically, we discuss the cellular and molecular changes in non-cancerous cells during ageing, 

and how these may contribute towards a tumour permissive microenvironment; these changes 

encompass biophysical alterations in the extracellular matrix, changes in secreted factors and 

changes in the immune system. We also discuss the contribution of these changes to responses to 

cancer therapy as ageing predicts outcomes of therapy, including survival. Yet, in preclinical 

studies, the contribution of the aged microenvironment to therapy response is largely ignored, with 

most studies designed in 8-week-old mice rather than older mice that reflect an age appropriate to 

the disease being modelled. This may explain, in part, the failure of many successful preclinical 

therapies upon their translation to the clinic. Overall, the intention of this Review is to provide an 
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Proteostasis
The homeostatic maintenance of protein folding for proper structure and function.

Cellular senescence
Refers to the potentially irreversible arrest of cell proliferation (growth) that occurs when cells experience certain stressors.

Thymic atrophy
The loss in cellularity of the thymus.

Strain-stiffening
The property of increasing stiffness with increasing deformation.

Osteoclastogenesis
The process by which stem cells or stromal cells commit towards an osteoclast lineage.
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overview of the interplay that occurs between ageing cell types in the microenvironment and 

cancer cells and how this is likely to impact tumour metastasis and therapy response.

Cancer is often defined as a disease of ageing. The incidence of most cancers increases 

dramatically as we age and cancer has been shown to be the number one cause of death in 

both males and females aged 60–79 years1. The probability of developing invasive cancer in 

patients over 60 is more than double that of younger patients, with a median age of diagnosis 

at 65 and a median age of death at 74 (REF1). These statistics place a huge socioeconomic 

burden on society as improvements in healthcare and technology are resulting in much 

longer life expectancies. The World Health Organization estimates that the proportion of the 

world’s population over 60 years old will shift from 12% to 22% by 2050, with a total of 

over 2 billion people.

The mechanisms of both cancer and ageing underlie a time-dependent accumulation of 

cellular damage. Despite the preconceived notion that the processes of cancer 

(hyperproliferation and increased cellular survival) and ageing (decreased function and 

fitness) in the context of a cell are opposing, studies highlight that many of the hallmarks of 

ageing are shared with cancer2. These include epigenetic changes, altered intracellular 

communication, changes in proteostasis, mitochondrial dysfunction and cellular senescence. 

Some of these shared features may be attributed to the fact that the majority of cancers arise 

in aged individuals3, and therefore the hallmarks of ageing are already a part of the 

phenotype of cancer cells. However, an important distinguishing feature is that many studies 

now show that ageing can dramatically affect the normal cells of the tumour 

microenvironment (TME), which can act to promote tumour progression and metastasis. 

Fibroblasts and immune cells appear particularly susceptible to this age-related impact.

Tumour progression most often requires genetic mutations in growth pathways to drive a 

hyperproliferative phenotype as well as mutations that enable the bypass of senescence; 

many of the key factors associated with the ageing of cells, including an increased 

accumulation of genomic damage (point mutations, deletions and translocations), telomere 

attrition, epigenetic alteration, impaired proteostasis and deregulation of nutrient 

sensing2·4·5, can often promote this. Environmental factors to which we are exposed as we 

age, such as ultraviolet (UV) radiation exposure, alcohol, smoking and pollution, further 

contribute to the chronic accumulation of DNA damage and other events associated with 

cellular ageing. Further exemplifying the importance of ageing in cancer, recent studies have 

highlighted that the multistage model of carcinogenesis (involving tumour initiation, 

promotion and progression) requires incorporation of ageing-dependent somatic selection to 

ensure this model is capable of generalizing cancer incidence across tissues and species6. 

Previous studies have also shown that this process of somatic selection is non-cell-

autonomous, and is in fact defined by microenvironment-imposed increases in positive 

selection for prior accumulated genetic and/or phenotypic diversity in aged tissues7.

Paradoxically, while many of these factors involved in aged tissue evolution can lead to 

eventual transformation to malignant and hyperplastic growth in self-renewing tissues, these 

processes also contribute to growth arrest (senescence), apoptosis and degradation of other 

cells and structural tissue components. It has been well documented that cancer risk and 
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many of these degradative features within tissues and cells exponentially increase as we 

age5. Studies are now finally beginning to mechanistically link the complex interrelationship 

between an aged local and systemic microenvironment and its contribution towards tumour 

initiation and progression. Furthermore, age-induced reprogramming of these stromal 

populations in an established TME also appears to play a major role in driving efficient 

metastatic progression. Interestingly, conflicting statistics regarding age and disease 

outcome have been reported across different cancer types (BOX 1); this phenomenon likely 

suggests that different stromal tissue environments across the body may be reprogrammed 

differently during ageing, which consequently impacts tumour growth and progression with 

respect to the tissue of origin.

This Review will focus on the role of the aged microenvironment in driving tumour 

progression. We will discuss the interactions between cancer cells and the aged TME, 

focusing on how ageing can reprogramme stromal fibroblast populations, the extracellular 

matrix (ECM) and immune infiltration to drive cancer initiation and progression. Finally, we 

will examine how the ageing TME can govern responses of tumour cells to chemotherapy, 

targeted therapies and immunotherapies.

The ageing stroma

Stromal homeostasis

The stromal microenvironment within tissue is made up of various components, including 

fibroblasts, endothelial cells, pericytes, adipocytes, ECM and immune cells, and plays a 

major role in tissue homeostasis. Fibroblasts are the most common stromal component 

within tissues across the body; these cells are required for synthesis of the ECM, including 

collagen, and for the structural integrity of connective tissue, and also play a key role in 

wound healing and inflammation8. Their predominant mode of action in regulating many of 

these processes is through the secretion of soluble factors, including cytokines, chemokines, 

growth factors, enzymes and structural components of the ECM5,9, into the 

microenvironment. Given the structural and functional complexity of different tissues, the 

microenvironment plays an important context-specific role in the regulation of the soluble 

factors secreted by fibroblasts along with their migratory and proliferative characteristics. 

The fibroblast renewal rate (which is the sum of the total number and proliferative capacity 

of fibroblasts) is highly diverse between different tissues, with factors such as local 

temperature, vascularization, mechanical stress and hormonal response contributing to this 

rate10. Changes that occur in fibroblasts during ageing are also likely to differ between organ 

sites and often involve senescence.

Antagonistic pleiotropy in ageing stromal environments

Antagonistic pleiotropy in an ageing context is defined as a singular gene trait that elicits a 

phenotype that is beneficial and increases fitness early in life but later, in an aged organism, 

becomes detrimental. Senescence is a classic example of antagonistic pleiotropy, and 

accumulation of senescent cells is one of the key pathological features associated with 

ageing5,11–13. As senescent fibroblast populations accumulate throughout the body as we 

age, senescence was originally used as a model to study ageing of fibroblasts both in vitro 
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and in vivo14. However, senescence is a somewhat artificial model of ageing, and data 

indicate that normal ageing and senescence have few markers in common. Despite this, 

cellular senescence is linked to many of the cellular processes of ageing and can also occur 

in direct response to intrinsic or extrinsic oncogenic stimuli; it is important to note that there 

are many forms of senescence that occur irrespective of ageing (oncogene induced, 

replication induced, stress induced and therapy induced)15–17. While in humans it is 

impossible to truly distinguish whether senescence induction is due directly to age or these 

other factors, the key distinguishing feature is the accumulation of these senescent 

populations within aged stromal microenvironments and tissue. There is still much debate as 

to how the accumulation of senescent cells occurs in the elderly. It has been hypothesized 

that, as we age, a reduction in immune function (discussed later) decreases recognition and 

clearance of these growth arrested cells, which eventually results in their accumulation18; 

however, other studies argue that this hypothesis lacks evidence19.

One of the key features of senescence in cells is a widespread change in epigenetic gene 

expression, whereby cells dramatically increase the secretion of proinflammatory cytokines, 

chemokines, growth factors and proteases; this secretome is defined as the senescence-

associated secretory phenotype (SASP)9. Typically, the SASP is thought to be made up of 

about 75 secreted factors, including granulocyte–macrophage colony-stimulating factor 

(GM-CSF), interleukin-6 (IL-6), IL-8 and IL-10 (REFS5,9,14); however, many of these 

secreted factors were identified in studies using oncogene-induced senescent models and 

may not necessarily reflect true age-induced senescence. The SASP can be beneficial, 

alerting the immune system to tissue damage or that clearance of senescent cells is required, 

but can also be detrimental as it plays a role in driving tumour cell invasion and progression 

(discussed in detail below). Whilst the mechanisms underlying age-related SASP 

transformation are still being uncovered, many genetically engineered mouse models 

(GEMMs) have been key in determining its pathological and homeostatic role (BOX 2). 

p16INK4A activation appears to be one of the major contributors towards senescence 

induction in cells20, yet its contribution towards age-related accumulation of senescent cells 

needs further clarification. In line with this, when modelled in vivo, its contribution towards 

senescent cell accumulation is described as more of a ‘molecular’ form of ageing as opposed 

to a ‘chronological’ one20. A recent study reported the development of a GEMM using a 

Cdkn2aINK4A reporter allele that is sensitive enough to allow enumeration, isolation and 

characterization of individual p16INK4A-expressing cells21. This GEMM demonstrated that a 

dramatic accumulation of p16INK4A-expressing cells occurs across various tissues 

throughout the ageing process, and characterized the pathological changes associated with 

the age-induced SASP in peritoneal macrophages, highlighting the potential for other 

stromal components, besides fibroblasts, to contribute towards SASP-related pathologies. 

Much of the literature suggests that age-induced activation of these senescent programmes 

occurs via DNA damage; however, studies have shown that tumour-associated fibroblasts 

undergo chromatin remodelling via histone deacetylase (HDAC) modulation to achieve a 

SASP irrespective of DNA damage22. Recently, it was also shown that L1 (also known as 

LINE-1) retrotrans- posable elements are derepressed at the transcriptional level to elicit a 

type I interferon (IFN) response, which in turn contributes to maintenance of a SASP23. 

These findings further support the hypothesis that dynamic changes within an aged 
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microenvironment, particularly within the TME, play a key role in reprogramming cells 

towards a SASP.

SASP in cancer progression

Senescence plays an important role in the regulation of cancer cells, where oncogenic 

transformation of a normal cell can result in it becoming senescent, initially preventing its 

growth. However, malignant cells often bypass this process through genetic mutation or 

epigenetic down regulation of tumour suppressor-associated pathways such as p53–p21 and 

p16INK4A–RB pathways24. For example, in melanocytes, the BRAF oncogene induces 

senescence, but these cells are able to undergo malignant transformation and bypass 

senescence via activation of the canonical WNT signalling pathway25. Non-malignant 

senescent cells that are able to persist have also been shown to dramatically contribute 

towards tumour initiation and progression in many mouse models of cancer9,13,24, and this 

may involve non-canonical WNT signalling26.

In addition to cancer cells, this process is particularly prevalent in fibroblasts and age-related 

decreases in the number and proliferation of healthy stromal cells27,28 (discussed in detail 

later) can potentially dictate a local microenvironment that primarily contains senescent 

populations. Despite the homeostatic importance of programmed senescence in stromal 

cells, age-related accumulation of SASP cells can contribute to cancer progression by 

reprogramming both primary and metastatic microenvironments (including premetastatic 

niches) over time to a state that is more permissive for the growth of malignant cells (FIG. 

1). Senescent fibroblasts and many SASP factors have been shown to induce cancer cell 

proliferation and invasion in culture29–31. Furthermore, co-injection of senescent fibroblasts, 

but not non-senescent fibroblasts, stimulates the growth and progression of various mouse 

and human tumours in syngeneic and immunocompromised mice, respectively31,32.

The great diversity of SASP-related secretory factors involved in these processes emphasizes 

their ability to regulate many facets of tumour development. Studies have highlighted 

increased secretion of matrix metalloproteinases (MMPs), such as MMP1, MMP3 and 

MMP10 (REFS33–35), and other proteases, such as plasminogen activator inhibitor 1 (PAI1) 

and PAI2 and tissue-type plasminogen activator (tPA), as drivers of tumorigenesis9. These 

act to reinforce the invasive phenotype in many malignancies via remodelling of the ECM, 

which is important given the age-related breakdown of ECM structure and function 

(discussed in detail later). MMPs can also regulate the activity of other soluble factors via 

cleavage and induce their activation and/or degradation9,36. SASP fibroblasts secrete large 

amounts of chemokines, cytokines and growth factors such as CXC-chemokine ligand 1 

(CXCL1), CXCL2 (REFS37,38), IL-6 (REF.4), insulin-like growth factor binding proteins 

(IGFBPs)39–42 and colony stimulating factors (CSFs)41. These are all linked with 

tumorigenesis, modulation of the TME towards a protumour immune microenvironment and 

resistance to certain types of therapies9,13,43. Systemic angiogenesis also decreases in the 

elderly44; SASP fibroblasts can overcome this within local microenvironments and the TME 

through the secretion of angiogenic factors such as vascular endothelial growth factors 

(VEGFs)45. The accumulation of SASP cells also appears to induce a positive feedback loop 

within their microenvironment as secreted factors such as CXCL1 and CXCL2 (REF.46), 
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IGFBP7 (REF.47), IL-6 (REF.48) and PAI1 (REF.49) appear to have powerful paracrine 

effects in the maintenance and induction of other senescent cells.

Other SASP factors, such as IL-1α, are also drivers of both tumour initiation and 

progression50,51. Genetic knockout of the senescence-inducing factor SIN3B in a KrasG12D-

driven mouse model of spontaneous pancreatic intraepithelial neoplasia (PanIN; the non-

invasive precursor lesions of pancreatic ductal adenocarcinoma (PDAC)) revealed that the 

initiation and progression of pancreatic lesions was significantly reduced compared with 

control mice50. Furthermore, SIN3B deletion significantly reduced SASP factor IL-1α 
secretion in the pancreata of knockout mice and several primary pancreatic duct epithelial 

cell (PDEC) lines. A follow-up study to this employed senescent uncoupling of IL-1α via 

doxycycline-inducible IL-1 receptor (IL-1R) knockdown in lung fibroblasts, which 

significantly decreased the secretion of IL-1α and other SASP factors (IL-1β, IL-6 and IL-8) 

compared with control cells51. The authors further confirmed that not only did the IL-1 

pathway control the majority of the SASP via autocrine and paracrine signalling through 

IL-1α secretion, but that the uncoupling of IL-1α via conditional knockout in the 

spontaneous PanIN model described above significantly reduced the number of neoplastic 

lesions.

Finally, SASP-associated fibroblasts also undergo dramatic metabolic changes such as 

mitochondrial dysfunction, hydrogen peroxide production and a switch towards aerobic 

glycolysis52. These changes lead to increased production and secretion of high energy 

metabolites, such as lactate, ketones and glutamine, into the microenvironment, along with 

secretion of molecules such as nitric oxide and reactive oxygen species (ROS)53–56. 

Together, these factors enhance cancer cell aggressiveness and accelerate age-related cellular 

damage, which can further promote a permissive metabolic microenvironment for cancer 

development. However, it is clear that more studies investigating direct age-related changes 

in the metabolic reprogramming of stromal components may help in uncovering further 

mechanisms that link the aged microenvironment with tumour progression.

Impact of ageing on other TME components

The bone microenvironment is another important niche shown to have age-related changes. 

Osteoblasts are responsible for bone formation and are almost indistinguishable from 

fibroblasts in terms of gene expression, with only two osteoblast-specific transcripts so far 

identified (core-binding factor subunit α1 (CBFA1, also known as RUNX2)57 and BGLAP, 

the gene encoding osteocalcin58); however, microenvironmental regulation of these cells 

enables a dramatic change in their function, resulting in an ECM that is mineralized59. 

Importantly, many studies highlight age-related changes in this stromal component, leading 

to an accumulation of senescent populations that contribute to both primary and metastatic 

tumour progression60. The Fibroblasts Accelerate Stromal-Supported Tumorigenesis 

(FASST) mouse model uses a stromal-specific, oestrogen-responsive Cre recombinase to 

create senescent osteoblasts in mice by inducing expression of the cell cycle inhibitor 

p27Kip1 (REF.60). To investigate metastatic tumour burden in the bone, a study used 

intracardiac injection of NT2.5 mouse breast cancer cells and found that FASST mice had 

significantly increased metastasis compared with control mice. Senescent osteoblasts in the 
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FASST mice significantly increased bone remodelling via secretion of IL-6, which 

functioned to increase osteoclastogenesis and overall tumour cell growth. Importantly, 

treatment with a neutralizing IL-6 antibody inhibited metastatic outgrowth, primarily by 

inhibiting osteoclast-driven remodelling in the FASST mice. Given that other cancers, such 

as multiple myeloma, are also dependent on a supportive bone microenvironment for their 

progression61, it will be critical to further understand how this stromal environment ages and 

supports tumour progression.

As fibroblasts are the most common stromal component within tissues, much of the 

literature on ageing focuses on SASP-related effects and the underlying cancer pathologies 

driven by these populations. However, there is a clear role for other senescent populations, 

such as endothelial cells, epithelial cells, immune cells, stem cells and even certain tumour 

cells, in modulating the TME through acquiring a SASP (this has been extensively reviewed 

in REF62). Interestingly, there are many examples where senescence in these populations can 

contextually produce protumorigenic or antitumorigenic effects; nevertheless, direct age-

related studies within these cell types are still limited. Triple negative breast cancer is an 

example of a cancer subtype where older women have a better outcome compared with 

younger women63. A recent study used a xenograft model with human BPLER triple 

negative breast cancer cells in nude mice and found that tumours showed delayed onset, 

slower growth kinetics and less metastasis in aged mice (>10 months old) compared with 

young mice (8–10 weeks old). The study further showed that a subset of tumour-infiltrating 

haematopoietic cells in young mice upregulated the CSF1 receptor (CSF1R) and secreted 

the growth factor granulin to induce robust tumour growth and metastasis. Importantly, bone 

marrow-derived cells from young mice were sufficient to activate a tumour-supportive 

microenvironment and induce tumour progression when transplanted into the aged mice.

Non-senescent aged stroma and tumour growth

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 tumour development can 

truly be attributed to the ageing process11,64. Interestingly, studies of slower ageing animal 

species with great longevity, such as lobsters and rainbow trout, have been shown to retain 

telomerase activity, allowing long term cellular proliferation capacity65,66. It has been 

hypothesized that these species have significantly slower rates of senescent cell 

accumulation4,67; however, no direct studies have been performed to confirm this. Yet, it is 

important to note that many studies have now shown that the mode of senescence initiation 

(induced by oncogenes, replication, stress or therapy) dramatically alters the SASP factors 

secreted by these cells and, thus, not all senescence is equal nor may it truly be indicative of 

ageing15–17.

Aged tissues have been found to have a dramatic decrease in fibroblast numbers, 

proliferative capacity and density27,28,68. Recent studies are investigating the mechanisms 

underlying these changes as well as how aged, non-senescent fibroblasts are genetically 

reprogrammed and appear to change their identity compared with younger populations. 

Studies in the ageing mouse skin (from mice aged 10 and 16 months) have shown that, 

rather than a uniform loss in fibroblast density, there appear to be highly localized clusters of 
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cell loss69. The study determined that the loss of fibroblast density that occurs with ageing is 

not a uniform loss of cells, but an accumulation of localized cell losses that are not recovered 

by proliferation. Interestingly, rather than filling these gaps by increasing cell numbers, 

fibroblasts instead maintain positional stability within the tissue and extend their protrusions 

to ensure membrane occupancy of the volume. Along with the decrease in fibroblast 

number, a recent study has also highlighted that dermal aged fibroblasts appear to evolve 

phenotypically in non-pathological conditions in the aged skin70. Specifically, the study 

shows that the genomic identity of aged fibroblasts (from 18-month-old mice) changes 

dramatically compared with the clearly demarcated populations of fibroblasts in the young 

skin. Interestingly, aged fibroblasts dramatically decrease the expression of genes involved 

in ECM production but gain adipogenic traits, which is highly influenced by systemic 

metabolism as caloric restriction inhibits this aged phenotype but a high-fat diet accelerates 

it.

In line with these findings, recent studies from our group have now begun to show that non-

senescent aged fibroblasts from healthy human donors appear to promote tumour 

progression71 and have a dramatically different secretome compared with senescent 

fibroblasts72. Using a syngeneic mouse model of skin melanoma, subcutaneous injection of 

YUMM1.7 cells resulted in faster growing primary tumours in younger animals (8 weeks 

old); however, aged mice (52 weeks old) had a significantly increased vessel density and 

number of lung micrometastases71. Using organotypic 3D human skin reconstructions, aged 

fibroblasts taken from healthy human donors (>55 years old) induced significantly more 

invasion but less proliferation of several human melanoma cell lines when compared with 

fibroblasts taken from younger healthy donors (<35 years old)71. Proteomic analysis of 

conditioned media (CM) from the culture of these young versus aged dermal fibroblasts 

confirmed that secreted frizzled-related protein 2 (SFRP2, a canonical-WNT antagonist) 

secretion was significantly higher in aged CM and was responsible for the increases in 

melanoma cell invasiveness. Furthermore, recombinant SFRP2 treatment in young mice 

significantly increased tumour angiogenesis and lung metastasis71.

Collectively, these studies highlight the importance of age-related changes in the fibroblast 

secretome of both senescent and non-senescent populations and the contribution thereof to 

tumour progression (FIG. 1). Given the large variation in organ structure and fibroblast (and 

other stromal cell) function within different tissues, an important future research avenue will 

be to examine other fibroblast populations with respect to their secretome in young and aged 

healthy patients, as many of the studies of aged-fibroblast evolution have only been 

performed with dermal cell populations. This may help better our understanding of how age 

may contribute to other cancer types originating in various tissues and the potential 

involvement of aged stromal cell populations in the establishment of a premetastatic niche. It 

may also reveal information related to metastatic site specificity (organotropism) of different 

primary cancer types.
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The matrix and ageing

The ECM

In addition to secreted factors, fibroblasts also play a role in laying down an ECM. The 

ECM is primarily responsible for the architectural integrity of most tissues and governs 

protein and cell-specific trafficking across the body. It is defined as the non-cellular 

component of tissue, made up of fibrillar proteins, scaffold proteins and other molecules that 

provide structural and biochemical support for cells. Components of the ECM serve as 

ligands for cell surface receptors such as integrins and control central homeostatic processes, 

including adhesion, apoptosis, proliferation, migration, survival and differentiation. The 

ECM is highly dynamic and constantly undergoing remodelling controlled by a delicate 

balance between degradation and deposition. Often described as a master regulator of cell 

phenotype, the loss of tissue ECM integrity encompasses one of the hallmarks of cancer and 

its dysregulation is heavily associated with tumour progression and metastasis73–76.

ECM composition diversity across organs

The ECM microenvironment across organs differs greatly owing to the complex variation 

required for specific organ structure and function. While there is diversity in many of the 

biochemical cues in an ECM microenvironment, heterogeneity in stiffness and elasticity are 

also observed throughout the body and these factors change dramatically as we age. In 

healthy individuals, softer tissues such as the brain and breast 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. This is achieved via regulation of 

crosslinking of ECM components and overall collagen density. For example, in the skin, 

collagen and elastin are tightly bound to each other by hyaluronic acid (HA) in a basket-

weave pattern. HA alterations have been shown to increase the ability of fibroblasts to 

contract elastin and collagen matrices77. Moreover, the role of HA in cancer is believed to be 

tissue specific; reduced HA is associated with increased tumorigenesis in normally HA-rich 

tissues such as skin78. Furthermore, elegant studies in naked mole rats have demonstrated 

that their fibroblasts secrete a high molecular mass HA, which accumulates in tissue and is 

hypothesized to contribute to the cancer resistance and exceptional longevity observed in 

these animals79. Changes in ECM stiffness also provide cells with biophysical cues that can 

dramatically alter the cell phenotype80.

Pathologically, this diversity in ligand expression and stiffness plays a major role in cancer 

progression (FIG. 2). It was initially hypothesized that cancer metastasis followed a linear 

model whereby increasing ECM stiffness favoured progression; however, recent 

mathematical modelling of cancer cells suggests that stiffness fits a biphasic model, whereby 

too much stiffening inhibits progression as cell nuclei are unable to efficiently fit through the 

smaller pores created in very stiffly crosslinked matrices81. This can ultimately affect 

tumour cell invasion and influence the immune cell infiltrate72. Importantly, discrete 

morphological alterations in the ECM, such as the realignment of fibres, strain-stiffening 

and increased crosslinking, also play a key role in these processes82,83. As such, there is a 

clear need for understanding the diverse ECM remodelling occurring in different 

environments, particularly in aged patients, that enables efficient cancer progression.
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The ECM in ageing and cancer

It has been clearly established that ECM integrity decreases substantially as we age. The 

most well-known and visually recognizable example of this is the wrinkling process, which 

occurs in the skin. Age-related changes in the physical properties of the ECM include 

decreases in collagen density84–86, ECM fibre area and thickness87–89, and changes in the 

mechanical properties of the ECM, for example stiffness85. Furthermore, physiological age-

related turnover of collagen crosslinking proteins such as fibulin, fibrillin and elastin90·91 

decreases crosslinking within the ECM, which further impairs integrity92.

Our studies of young and aged healthy human fibroblast samples revealed that young dermal 

fibroblasts secrete higher levels of ECM constituents, including proteoglycans, glycoproteins 

and cartilage-linking proteins, when compared with aged dermal fibroblasts72. The most 

abundant secreted ECM component from young fibroblasts was hyaluronan and 

proteoglycan link protein 1 (HAPLN1). HAPLN1 is a crosslinking protein that stabilizes 

proteoglycan monomer aggregates with HA; it was originally thought to be secreted 

exclusively by tumour cells and to contribute to tumour cell invasion93. However, we find 

that HAPLN1 is secreted by young fibroblasts and that this secretion is lost from healthy 

aged human skin fibroblasts — an observation that may reflect the complex interplay that 

occurs between tumour cells and fibroblasts, which changes with age. Furthermore, there are 

data showing that LOXL1 is critical for ECM-mediated migration of cancer cells94, yet our 

proteomics data show that LOXL1 is no longer secreted by aged fibroblasts72. Collectively, 

these changes in the ECM components secreted by aged dermal fibroblasts result in a 

decrease in collagen density and fibre crosslinking as well as a dramatic increase in fibre 

alignment, which can promote melanoma cell invasion in vitro.

A follow-up study from our group investigated the importance of ECM breakdown on the 

formation of visceral metastases95. Paradoxically, older patients with melanoma have lower 

rates of sentinel lymph node metastases but have inferior survival and increased visceral 

metastases96. Given the importance of HAPLN1 in age-dependent ECM breakdown in the 

dermis, our study found that lymphatic expression of HAPLN1 was prognostic of long-term 

survival in patients with melanoma. HAPLN1 secreted from fibroblasts reduced lymphatic 

endothelial cell permeability via modulation of vascular endothelial–cadherin (VE-cadherin) 

junctions in vitro, whereas reconstitution of HAPLN1 in aged mice increased lymph node 

metastases while reducing visceral metastases95. These findings may have considerable 

clinical implications for other cancers that follow a sequential model of progression, where 

cancer cells spread from the primary tumour, to the lymph node, and then finally to visceral 

sites97.

Impact of ECM stiffness on the aged TME

Age-related increases in senescent stromal components with a SASP can lead to secretion of 

soluble factors that contribute to ECM remodelling and matrix stiffening in the local 

microenvironment98. This appears to be a key factor in softer tissue-associated TMEs, which 

require increased crosslinking and stiffening to allow tumour dissemination and progression. 

Such a phenomenon can account for the fact that, while body-wide breakdown of the ECM 

architecture occurs rapidly with ageing, local age- related stromal accumulation of SASP 
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cells may foster a tumour-specific niche required for progression (FIG. 2). Studies using 

samples from young and aged lungs of both humans and mice have shown that age-related 

accumulation of senescent cells with a SASP can increase collagen density and 

crosslinking99. While no studies have directly linked these aged changes in ECM structure 

and lung cancer specifically, malignancies of the lung are directly correlated with age and 

increases in ECM stiffness, crosslinking and collagen density100 and, as such, direct studies 

investigating SASP cell accumulation and tumorigenesis in an aged context are warranted in 

these soft-tissue environments. In vitro 3D and in vivo systems have led to the hypothesis 

that ECM remodelling within breast tissue can act in both an oncogenic and tumour-

suppressive role dependent upon the context101,102. For example, age-related changes in 

stromal ECM density correlate with higher likelihood of breast cancer, while compromised 

integrity of the basement membrane or the myoepithelial layer allows premalignant or 

malignant luminal cells to contact ECM components such as collagen I, leading to MMP 

secretion and aggressive tumorigenesis101. This has been underscored by the fact that ageing 

of human breast fibroblasts via passaging in culture has been shown to significantly increase 

the secretion of MMPs, proteases, growth factors and other ECM-modifying components103.

Furthermore, immune cells are significantly impacted by ECM remodelling during tumour 

progression104. This is evident in breast cancer, as ECM stiffening has a significant 

correlation with immune infiltration105. Interestingly, in our study, HAPLN1 also 

contributed to altered immune cell motility in melanoma in 3D in vitro assays and in 

allogeneic mouse models. Specifically, HAPLN1 significantly increased migration and 

infiltration of effector CD8+ T cells into the tumour, while reducing immunosuppressive 

regulatory T (Treg) cell infiltration72. Overall, these findings highlight the importance of 

physical changes in the ECM as a mediator of both immune and tumour cell trafficking. As 

discussed below, there is a direct influence of ageing on immune cell type specificity and 

function within systemic and local microenvironments; yet, no studies have been performed 

to date investigating the potential consequential effects on ECM structure and functionality. 

Understanding these influences may allow a therapeutic avenue to alter the ECM and 

potentially inhibit metastasis.

The immune microenvironment and ageing

Inflammaging: an age-related driver of cancer progression

The immune system plays a vital role in recognizing and inhibiting malignant tissue growth. 

Thus, the evasion of immune surveillance is a critical step necessary for tumour initiation, 

growth and progression towards metastasis73. One of the hallmarks of ageing is an increase 

in systemic low-grade chronic inflammation, a process termed ‘inflammaging’106. This 

persistent inflammatory response can lead to tissue degeneration and disrupted acute 

inflammation and is heavily associated with cancer induction and progression107 (FIG. 3). 

Cellular senescence has been proposed as a key contributor linking inflammaging with many 

age-related malignancies107,108. 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 response4. Overall, these age-
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related processes appear to drive chronic inflammation by increasing systemic levels of IL-1, 

IL-6· IL-lα, IL-1β, IL-33· GM-CSF, IFNγ, tumour necrosis factor (TNF) and C-reactive 

protein (CRP), all of which have been shown to contribute to multiple morbidities and 

mortalities in the elderly4,109.

One of the key elements that appear to link inflam- maging to many types of cancer involves 

the recruitment of myeloid-derived suppressor cells (MDSCs). MDSCs are a heterogeneous 

population of cells defined by their myeloid origin and are potent repressors of T cells 

through secretion of arginase 1 (ARG1), transforming growth factor-β (TGFβ) and ROS110. 

A study using the Ret transgenic spontaneous melanoma mouse model, which over time 

develops malignant skin melanoma that progresses towards lymph, liver and lung 

metastases, showed that persistent upregulation of inflammaging factors such as IL-1β, GM-

CSF and IFNγ correlates with progression111. These factors induced MDSC infiltration in 

primary and metastatic tumour sites, and isolated MDSCs from these melanoma-bearing 

mice significantly reduced T cell proliferation ex vivo. Treatment with the 

phosphodiesterase type 5 inhibitor sildenafil, which has been shown to reduce MDSC 

immunosuppressive activities, decreased tumour growth, systemically decreased 

inflammaging mediators, restored T cell function and increased mice survival.

Similar links have been found with increased infiltration of immunosuppressive Treg 

populations in chronic inflammatory mouse models, which mimic the chronic inflammation 

that often precedes and may lead to certain malignancies such as skin and colorectal can- 

cer112. Treg cells play a key role in maintaining tolerance to self-antigens and suppress the 

induction and proliferation of effector T cells (such as CD4+ and CD8+ T cells) via the 

secretion of cytokines and enzymes113. One study induced chronic, tumour-promoting 

allergic contact dermatitis (ACD) in mice 6–8 weeks old by treating them with 1-fluoro-2,4-

dinitrobenzene (DNFB) and found that IL-33 expression was key in inducing the transition 

from acute, tumour suppressing inflammation to chronic inflammation112. The authors then 

employed a genetic IL-33 knockout mouse model and found that treatment with the 

carcinogen 7,12-dimethyl- benz(a)anthracene (DMBA), which promoted significant tumour 

formation on the skin of control animals, protected against tumour formation and 

progression. Treg cells were significantly reduced in DNFB-treated IL-33 knockout mice, 

and importantly knockout of the IL-33R from Treg cells significantly reduced ACD- induced 

skin carcinogenesis. Interestingly, extension of this study to look at colitis-induced 

colorectal cancer also showed the IL-33-Treg cell axis to be a key driver of carcinogenesis. 

Despite the potential involvement of IL-33 as a mediator of various pathologies and 

inflammaging in aged models109,114,115, more direct studies are required to confirm any age-

related effects of the IL-33-Treg cell axis in tumorigenesis.

Studies in breast cancer show that another key inflammaging component, IL-6 was crucial in 

driving tumour progression· with high serum levels correlating with both age and a poor 

patient prognosis116,117. Several microRNAs termed ‘inflamma-miRs’ have been linked with 

many different human malignancies118. Specifically, age-related increases in miR-19b, 

miR-21, miR-126 and miR-146a appear to drive progression in many cancer types, at least 

in part, through inflammaging. miR-21, a biomarker for inflammaging119, has been shown 

to be overexpressed in many malignancies and reduces expression of potent anti-
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inflammatory IL-10 and TGFβ120, while binding to Toll-like receptor 8 (TLR8) and 

inducing secretion of inflammaging cytokines IL-6 and TNF121.

Many of the models performed under conditions of chronic inflammation show a direct link 

to disease progression and inflammaging-associated signalling. However, few models have 

confirmed a causative association between many of these components and age-related cancer 

progression. Further studies are warranted to access the mechanistic intricacies associated 

with inflammaging and tumorigenesis.

Age-induced immunosenescence and cancer

Immunosenescence is another contributing factor to many age-related pathologies, including 

cancer. It is defined as an age-related dysregulation ofthe immune system, whereby 

subpopulations of effector immune cells and overall immune function decline. This process 

is the result of multiple factors, including thymic atrophy122, decreases in naive T cells123, a 

reduction in memory T cell function124 and decreased antigen recognition diversity by T 

cells125. 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 

inhibitory126. Along with T cell loss of function, natural killer cells, macrophages and 

dendritic cells, which play an early role in tumour recognition and suppression, appear to 

also undergo phenotypic decreases in cytotoxic activity as we age127–130. A key example 

highlighting the involvement of these processes in cancer progression has been shown in a 

squamous cell carcinoma (SCC) model of ageing131. In a GEMM conditionally expressing 

mutant HRAS in keratinocytes, it was found that aged mice (18–22 months old) developed 

SCC at a much higher rate than young mice (2–4 months old). Analysis of the immune 

system of these aged mice demonstrated a shift towards a protumorigenic T helper 2 cell 

anti-inflammatory response as well as increased expression of the inhibitory programmed 

cell death 1 ligand 1 (PDL1) and senescence-associated β-galactosidase on effector immune 

cells in the dermis.

An immune-cell switch in TMEs and premetastatic niches

Age-induced immunosenescence occurs largely in effector T cells and other immune cell 

types crucial for tumour immunity. It has been hypothesized that these changes may induce a 

shift towards the activation and infiltration of more immunosuppressive cell populations in 

the elderly, which may be key to their increased predisposition to cancer and metastasis132 

(FIG. 3). Studies have shown that M2 tumour associated macrophages (TAMs), which have 

an immunosuppressive phenotype, are significantly higher in the spleen and bone marrow of 

aged (> 24–28 months old) mice133. Furthermore, stimulation of macrophages isolated and 

cultured from aged mice with mesothelioma or lung carcinoma cell-derived supernatants 

increased the levels of the M2-derived immunosuppressive cytokine IL-4, a phenotype not 

observed in macrophages isolated from young mice. Stimulation of M2 TAMs towards an 

M1 proinflammatory phenotype by treating aged mice with a combination IL-2 agonist and 

anti-CD40 therapy reduced immunosuppressive IL-4 and IL-10 expression and resulted in a 

decrease in tumour growth133,134. 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 tumour progression in an ageing context135. TAMs have also 
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been shown to play a role in setting up a premetastatic niche in the liver by secreting CXCL1 

and inducing the recruitment of MDSCs, which is necessary for efficient formation of 

colorectal cancer liver metastases136. More direct studies on the local and systemic effects of 

this M2 TAM switch in aged microenvironments and tumorigenesis are clearly warranted.

While neutrophils appear to undergo immunosenescence throughout ageing, they have still 

been shown to infiltrate injured tissue in the elderly137. Interestingly, studies have shown 

that neutrophils in aged patients and mice produce more anti-inflammatory cytokines than 

their younger counterparts138. Neutrophils are well- established mediators of tumour 

progression through their proinflammatory effects in tumour models of young mice; 

however, a subpopulation of anti-inflammatory ‘N2’ tumour-associated neutrophils (TANs) 

are now implicated in many cancers139. Their role in the context of ageing and cancer has 

not been well defined, yet studies in young mice suggest that these immunosuppressive N2 

TANs, which are increased systemically in aged patients, exhibit a similar function to 

MDSCs140. Nevertheless, direct age-related studies of N2 TAN involvement in the TME are 

lacking.

Studies on the contribution of Treg cells to an age- related decline in immune response are 

contradictory132. Many studies show a dramatic increase in Treg cell numbers and function 

in age-related pathologies, and in organs such as the lymph nodes and spleen141–144; 

however, our studies and others show no change in Treg cell numbers or function or a 

reduced contribution in other aged tissues and cancers145–147, suggesting that they have a 

context-specific role in different TMEs and tissue environments. An early study using a 

model of pre-B cell acute lymphoblastic leukaemia (pre-B-ALL), whereby BM-185 cell 

lines were implanted into young (2–3 months old) and aged (18–22 months old) mice, found 

that young mice rejected these tumours whereas they grew efficiently in aged mice144. 

Analysis of the young and aged animals confirmed that Treg cells were significantly 

increased in the spleen and lymph nodes of older animals. The study employed a 

neutralizing antibody against CD25, a marker largely expressed on Treg cells (and at lower 

levels on activated T cells, B cells, thymocyte subsets and pre-B cells) and showed that 

neutralization of CD25+ Treg cells induced the rejection of tumours in aged mice and 

restored the activity of cytotoxic T cells. Furthermore, Treg cell recruitment also appears to 

be a crucial process in the establishment of the premetastatic niche in many cancer types148. 

Nonetheless, it remains to be established if the age-related increases in Treg cells seen 

systemically in certain mouse models is directly linked with increases in age-related 

metastasis.

MDSCs show a consistent increase during ageing in human blood149, as well as in the bone 

marrow and lymphoid organs150 of mice (17–19 months old)151. In a syngeneic mouse 

model of breast cancer, young mice (2 months old) rejected implantation of TS/A mammary 

adenocarcinoma cells, whilst aged mice (12 months old) showed efficient tumour growth152. 

It was found that regression within these young mice correlated with significant effector T 

cell infiltration, whereas aged mice had significantly increased numbers of MDSCs in the 

TME. These tumour-specific MDSCs were highly immunosuppressive in vitro and depletion 

of MDSCs significantly reduced tumour growth in aged mice, while adoptive transfer of 

aged-mouse MDSCs into young mice increased tumorigenesis. Importantly, MDSCs are also 
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one of the immune cell types most highly associated with the formation of the premetastatic 

niche in cancer153.

While there are a great many signalling molecules associated with MDSC infiltration and 

activation, it is still unclear how they are recruited towards aged primary TMEs or in the 

formation of the premetastatic niche. However, as described in earlier sections, there is 

extensive cross-talk between senescence-associated stromal populations that accumulate 

during ageing and an immunosuppressive phenotype. A study employing the FASST mouse 

model described earlier showed that senescence induction within this model154 mimicked 

the mosaic pattern of senescent stromal cell accumulation observed in aged human tissues 

such as the skin, lung, breast and bone155. Stromal senescence significantly increased the 

numbers of immunosuppressive MDSCs and Treg cells in healthy mice adjacent to senescent 

populations, primarily via secretion of IL-6 (REF154). Furthermore, these 

immunosuppressive populations inhibited CD8+ T cell functionality and promoted tumour 

growth of implanted PDSC5 mouse squamous cell carcinoma cells in FASST mice. Finally, 

the authors of this study confirmed that senescent stromal cells were increased in the aged 

human skin (63–73 years old) compared with skin from younger individuals (29–33 years 

old), and this increase correlated with increased IL-6 expression and MDSC infiltration. 

These studies additionally suggest that accumulation of senescent stromal cells is sufficient 

to establish a tumour-permissive, chronic inflammatory microenvironment that allows 

cancer to grow and progress unabated by the immune system. Given the fact that age-related 

increases in systemic MDSCs and other age-related processes, such as inflammaging and 

ECM modulation, may directly link MDSCs, Treg cells and other immunosuppressive cell 

populations with age-related cancer predisposition and premetastatic niche formation, 

further investigations into the role of immunosuppressive immune cell types in these 

processes are highly warranted.

Interesting contradictory observations in prostate cancer show that age-induced increases in 

effector T cells and proinflammatory cytokines appear to contribute to increases in tumour 

growth. Prostate fibroblasts cultured from young (<55 years old) and aged (>65 years old) 

healthy individuals showed that aged fibroblasts secrete increased amounts of cytokines and 

interleukins, which increase the growth of epithelial cells156 and may affect the function of 

immune cells. Importantly, another study in prostate cancer highlighted that CD3+, CD4+ 

and CD8+ T cell infiltration was protumorigenic and correlated with tumour growth157. This 

further highlights the context dependence of effector versus immunosuppressive immune 

cell infiltration in microenvironments with age, which in turn establishes tumour growth and 

premetastatic niche formation.

Ageing and response to therapy

There are many challenging aspects regarding the treatment of cancer in elderly patients. 

Often, age-related health conditions put clinicians in a dilemma as to whether potentially 

beneficial therapies can be safely administered at standard dosages and improve survival or 

whether the potential side effects will likely affect the patient’s quality of life. 

Approximately 50% of all cancers occur in patients over 65 years old, with an estimate of 

that number rising to 70% as life expectancy continues to increase158; however, there is very 
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limited data from clinical trials in patients above this age. Only 40% of patients enrolled in 

cancer clinical trials are over 65 and less than 10% are over 75 years of age159. Importantly, 

most preclinical studies are designed in mice 6–8 weeks old, which vastly misrepresents the 

true clinical age when most cancers arise in patients. It is thought that the age of 18 months 

more closely represents the true geriatric age in mice, equivalent to 60 years old in humans; 

however, this may differ for different organs. Recent advances in the understanding of the 

mechanisms underlying the aged TME and response to therapy may reveal crucial 

knowledge that will allow more efficient and less intensive targeting of cancer types in 

elderly individuals.

Chemotherapeutic response in aged patients

Chemotherapy is a non-specific, aggressive treatment avenue that results in targeting of fast-

growing malignant cells. It can be used alone or in combination with other targeted 

therapies. Given its limited specificity, there are many side effects associated with treatment 

that can often be life threatening in more elderly individuals. There are many examples of 

how the aged microenvironment can contribute to chemotherapeutic resistance. Senescent 

fibroblasts, other stromal components and cancer cells with a SASP are already highly 

resistant to chemotherapy due to their non-proliferative nature. Additionally, these cells can 

secrete factors that promote intrinsic resistance of cancer cells to chemotherapy in a 

paracrine fashion160–162, can induce remodelling of the ECM to upregulate ligands and 

support structures that promote resistance (referred to as cell adhesion-mediated drug 

resistance)163–166, and alter immune cell types within the microenvironment to support a 

protumorigenic niche9,12,13,162,167. Furthermore, studies also support the fact that 

chemotherapeutic treatment can cause further SASP induction in tumour, immune and 

stromal cells via therapy-induced senescence. A recent study using the p16–3MR mouse 

model described in BOX 2 highlighted that therapy-induced senescent fibroblasts within 

mice lead to a persistent inflammaging response, and that elimination of these cells in vivo 

significantly decreased the short-term and long-term side effects associated with 

chemotherapeutic cytotoxicity, decreased cancer recurrence and reduced metastasis post 

therapy168. Given that many chemotherapeutic regimens are performed cyclically to 

minimize collateral damage to the patient, this accentuated build-up of senescent populations 

over time, which is already higher in aged patients, may lead to more aggressive tumours 

and resistant tumour niches being established throughout the body.

Chemotherapy has also been shown to further accelerate immunosenescence in aged 

patients. Increased immunosenescence of CD8+ T cells was observed in patients with 

breast169 and lung cancer170 receiving chemotherapy. A similar phenomena was seen with 

CD3+ effector T cells in patients with breast cancer171 and testicular cancer172 receiving 

chemotherapy. In all cases, CD3+ and CD8+ T cell populations did not increase again post 

therapy and patients had a worst outcome. Many of these studies suggest that, while 

chemotherapy may be initially beneficial, in many cases, it may later contribute to 

accelerated ageing of microenvironments and increased residual disease in patients. 

Interestingly, studies in therapy-naive and pretreated patients with incurable malignancies 

showed that treatment with recombinant IL-7 caused a marked increase in CD3+, CD4+ and 

CD8+ T cells and tumour regression173, suggesting that some therapeutic avenues might 
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have potential to overcome the age-related acceleration associated with chemotherapeutic 

treatments.

Chemotherapy can also have off-target effects that include stem-cell decline and bone 

marrow exhaustion. Studies have shown that mesenchymal stem cells (MSCs) in 16-month-

old aged mice were much more sensitive to doxorubicin treatment compared with mice aged 

1 and 8 months174. Patients can have stem cell transplants whilst undergoing high-dose 

chemotherapy regimens to avoid this; however, this therapy may be too toxic for many 

elderly patients and there appear to be limitations associated with its use175. For example, a 

cohort of patients with cancers, including myeloma, lymphoma and leukaemia, that were 

receiving haematopoietic stem cell transplants during treatment had significantly increased 

p16INK4A expression in effector T cells. Further analysis of gene expression in effector T 

cells from these patients showed clear signs of immunosenescence and T cell ageing176. The 

study further acknowledges the possibility that off-target effects associated with 

transplantation and chemotherapy may also occur, including damage to the thymus, which 

may lead to accelerated thymic ageing.

Overall, there may be potential clinical benefit in targeting chemotherapeutic-induced 

acceleration of age-related tumorigenic events resulting in decreased cytotoxicity and 

increased survival. There are many cases where chemotherapy in elderly patients is well 

tolerated and prolongs survival irrespective of the location of the cancer177. Given that a 

large clinical factor in determining chemotherapeutic treatment regimens in the elderly is 

whether the benefits of treatment outweigh the side effects, further research is necessary to 

better understand the cytotoxic effects at the molecular level, along with organ function 

decline in older patients.

Targeted therapy response in aged patients

Targeted therapy represents the standard of personalized care that aims to target cancer cells 

or the TME for specific drivers of growth and progression individual to that tumour type. 

While there are many patients whose tumours initially respond to targeted therapy, a large 

subset become resistant178. There are numerous studies showing direct changes in intrinsic 

signalling pathways associated with resistance to targeted therapy179; however, the direct 

relationship between these changes and the microenvironment is not well defined, 

particularly with regards to age. Targeted therapy often has less off-target effects compared 

with chemotherapy and radiotherapy and, as such, cells appear to undergo more intrinsic 

changes based on genetic mutations, epigenetic alterations and genomic instability to induce 

a resistant TME. Our group has recently performed one of the first age-related mechanistic 

studies showing that healthy aged dermal fibroblasts significantly increase resistance to 

targeted BRAF therapy in allogeneic mouse models of melanoma via secretion of SFRP2 

into the TME71. Furthermore, treatment of young mice with recombinant SFRP2 was able to 

increase resistance within this previously sensitive mouse model.

Studies in melanoma have found that tumour B cell infiltration results in the secretion of 

insulin-like growth factor 1 (IGF1), which can induce resistance to BRAF and MEK 

inhibitors180. While these studies were only performed in young mice (6–8 weeks old), 

recent studies have shown that immunosuppressive age-associated B cell (ABC) numbers are 
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considerably increased in aged (> 24 months old) mice at the expense of other B cell 

subtypes181, which may contribute to the previously described resistance to targeted therapy 

in elderly individuals71. MDSCs, which, as described earlier, increase systemically with 

age151, also appear to induce resistance to anti-angiogenic therapies182,183 and other targeted 

therapies used in the treatment of multiple myeloma184, prostate cancer185, hepatocellular 

carcinoma186 and melanoma187; however, no direct link with age has been investigated in 

these models. It has been proposed that combination therapies with drugs that target 

resistance-promoting components of the tumour stroma and ECM may dramatically increase 

the durability of targeted therapy188–190. Given that many facets of these components are 

altered to induce protumorigenic effects with age, studies into aged TMEs and potential 

premetastatic niches and their contribution to targeted therapy resistance are clearly 

warranted.

Immunotherapy response in aged patients

Immunotherapies that modulate the immune microenvironment to target and eliminate 

tumour cells have revolutionized cancer treatment over the past decade; however, resistance 

to these treatments occurs in a large subset of patients191. This resistance highlights the 

complexity and adaptability of cancer cells responding to immune responses in different 

tissues. Given the dramatic changes in immune profiles and function as we age, treatments 

targeting the immune system within the elderly have considerable clinical implications. 

Despite this, there are still few direct studies assessing the efficacy of immunotherapies in 

aged cancer models.

The most common treatments that have proven clinical efficacy across a broad range of 

cancers are immune checkpoint inhibitors against programmed cell death 1 (PD1), PDL1 

and cytotoxic T lymphocyte-associated antigen 4 (CTLA4). The PD1 and CTLA4 receptors, 

when activated, act as inhibitory signals on effector T cells with, for example, PDL1 

activating PD1 to induce inhibitory T cell effects. Many cancer cells and other stromal 

components upregulate signalling through immune checkpoint pathways to evade 

antitumour immunity. Interestingly, PD1 surface expression has been suggested to contribute 

to the age-dependent functional decline in effector memory T cells192. PD1 expression 

increases on T cells with age193 and, consequently, anti-PD1 improves T cell function in 

aged mice194. The mTOR inhibitor rapamycin has been shown to reduce age-related 

increases in PD1 expression, suggesting a role for these inhibitors in increasing tumour 

immunity in aged tissues194. There is also a dramatic increase in PDL1 expression in CD8+ 

effector T cells in aged mice compared with young mice, and anti-PDLl improves their 

proliferation in vitro and their antitumour immunity in aged hosts when compared with 

young hosts in a mouse lymphoma model195. A recent study also showed that PDL1 and 

indoleamine 2,3-dioxygenase 1 (IDO1) are increased during ageing in the brain of healthy 

human adults, and that this correlates with increased circulating Treg cells and decreased 

CD8+ T cells196. These observations suggest that, for diseases like lymphoma, glioblastoma 

and leukaemia, older patients may be less responsive to immunotherapy. A recent study in 

aged mice (>12 months old) using 4T1 or Met1-derived transplantable orthotopic mouse 

models of triple negative breast cancer found little difference in tumour growth and 

progression when compared with younger mice (6–8 weeks old)197. However, neither of the 
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aged mouse models responded efficiently to anti- PDL1 or anti-CTLA4 treatment, whereas 

both young mouse models showed significant (but not complete) regression on these 

treatments. Furthermore, within aged mouse TMEs, CD8+ T cells displayed markers of 

exhaustion and IFNγ levels were significantly decreased; similarly, in aged patients with 

triple negative breast cancer, IFNγ gene expression was found to be reduced. Stimulation of 

the TME with IFNγ in aged tumour-bearing mice significantly increased response to 

immune checkpoint blockade.

Intense review of published data sets has revealed that currently available immune 

checkpoint inhibitors are highly effective in older adults198,199; however, there are many 

conflicting reports, coupled with a lack of enrolled aged patients in trials, to properly 

determine whether toxicity is increased in the elderly200–204. A recent study from our group 

investigated whether age-mediated differences in intratumoural immune populations played 

a role in response to immunotherapy in patients with melanoma147. Patients over the age of 

60 responded more efficiently to anti-PD1 and the likelihood of response to anti-PD1 

increased with age; this could be recapitulated in young and aged melanoma mouse models. 

Additionally, analysis of tumour immune cell subtypes revealed that aged mice had 

significantly increased CD8+ T cell to Treg cell ratios, indicating more immunogenic 

tumours147. Furthermore, depletion of Treg cells using an anti-CD25 therapy significantly 

increased the anti-PD1 response in younger mice147.

Our study corroborates previous findings that Treg cell depletion in aged melanoma mouse 

models was ineffective in inducing antitumour immunity but significantly decreased tumour 

growth in young mice150. However, other studies in melanoma have shown contradictory 

results. For example, anti-PDL1 treatment of B16 melanomas only showed efficacy in young 

mice, but treatment efficacy could be partially restored in aged mice by combining anti-

PDL1 with anti-CTLA4 (REF205). Further retrospective studies in patients with 

melanoma201 and non-small-cell lung cancer206 treated with either anti- PD1 or anti-PDL1 

showed little difference in overall survival, progression free survival and toxicity between 

aged groups. Based on the massive diversity in immune cell profiles, infiltrates and activity 

across various tumour models and in differing tissue microenvironments, the 

immunotherapeutic response likely differs dramatically in young versus aged patients. 

Genetic and environmental diversity between patient populations also limits collective 

analyses across various racial and ethnic backgrounds. Unfortunately, few studies have 

directly investigated these response rates. In addition, given the discrepancy seen when 

targeting one immune checkpoint compared with another in aged models, tailoring specific 

immunotherapeutic treatments to age may be warranted. Importantly, many groups such as 

the Alliance for Clinical Trials are now focused on implementing strategies for the accrual of 

older patients with cancer into clinical trials207. These strategies, along with a focus on 

furthering the understanding of age-related changes at the molecular level in TMEs and 

premetastatic niches, may be crucial in efficiently predicting patient response across a wide 

variety of cancers. It may also reveal other avenues for effective co-targeting of tumour-

promoting immune cell subtypes.
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Conclusions and perspectives

Overall, recent data suggest that the ageing microenvironment may have dramatic effects on 

tumour progression. Normal age-related changes in stromal and immune populations may 

work together to drive the progression of tumour cells from an initial or slow- growing state 

to highly aggressive and metastatic disease. The outcome of these changes involve variations 

in secreted factors, changes in the biophysical architecture of the TME and even changes on 

a more macroscopic level such as a breakdown in vasculature integrity208.

The impact of the ageing microenvironment on tumour progression reveals the need for a 

better understanding of the role that age plays in response to therapy and in driving 

metastasis. Furthermore, these data suggest that we need a paradigm shift in the way we 

approach preclinical studies. For example, there is often a debate as to when preclinical 

mouse models reach a so-called ‘aged phenotype’. Many studies use an age of > 10 months, 

whereas others have provided evidence to suggest that mice do not reach a geriatric 

phenotype until 18 months of age209. Interestingly, studies have highlighted that mice appear 

to reach an immunological age starting at 10 months210 and a longitudinal study in humans 

was recently undertaken showing that immunological age is not equivalent to chronological 

age211. Collectively, this highlights the complexity of modelling ageing in vivo given that 

distinct tissues and the various biological systems age differently. It is also suggestive that 

certain biological systems, such as the immune system, may not necessarily need to be 

studied in 18-month-old geriatric mice to show an ageing phenotype; however, the potential 

complex interplay between the immune system and the aged ECM and stroma clearly 

warrants further investigation between younger (6–8 weeks old) mice versus 10-month-old 

(immunological age) and 18-month-old (geriatric age) models to properly contextualize 

chronological and molecular ageing with tumour progression.

Moreover, in vitro studies of cancer cell interactions with human primary stromal 

populations are often performed with stromal cells isolated from neonatal or non-age-

controlled tissues. In vivo preclinical studies of drug development employ testing in mice 

aged 6–8 weeks, yet mice do not reach the human equivalent of 60 years old until 18–24 

months of age. These emerging data highlight the need for age-specific models across all 

types of cancer. In conclusion, it is becoming clear that targeting age-related changes in 

cancer may provide novel ways in which to alleviate this growing public health burden.
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Box 1 |

Tumour aggressiveness does not correlate with age in all tumours

In many tumour types, age predicates a more aggressive tumour phenotype. However, for 

some cancers, such as breast and colon cancer, whilst the overall incidence remains 

higher in aged patients, the cancers diagnosed in younger patients are more aggressive, 

leading to poorer outcomes. The reasons for this disparity are unclear, but may involve 

the following:

• Lack of screening

In younger individuals, routine screenings, such as mammograms and 

colonoscopies, are not mandated. Therefore, it is likely that cancers in the 

young are diagnosed much later than those diagnosed through routine and 

regular screening.

• Driver mutations that promote more aggressive disease

Driver mutations in genes such as BRCA1 or BRCA2 and APCin breast 

cancer and colorectal cancer, respectively, may drive earlier manifestations of 

tumours and, depending on the subtype, tumours in younger patients with 

breast and colon cancer can be more aggressive212,213. However, in 

melanoma, driver mutations of the BRAF gene are similarly present in 69% 

of patients under the age of 45; however, these tumours are less aggressive in 

the young than in older patients, most of whom are BRAF wild-type214,215.

• Hormonal influences

Breast cancer may be more susceptible to hormonal influences than other 

cancers such as melanoma; therefore, fluctuations during menstruation may 

affect the aggressive nature of breast cancers and changes during menopause 

may somewhat mitigate the aggressiveness. Additionally, it has been shown 

that melanomas diagnosed during pregnancy can be quite aggressive and 

recent data indicate this to be the result of aberrant expression of oestrogen 

receptors216 and the subsequent signalling downstream thereof.

• Obesity

Obesity is emerging as a risk factor for multiple types of cancer. While 

conventional wisdom associates obesity with increasing age, the rates of 

obesity are rapidly rising in younger patients, which may explain the 

increasing rates of cancer in this population. For diseases such as breast and 

colon cancer, which are increasing in younger adults, obesity-associated 

inflammation may increase the aggressiveness of these cancers217.
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Box 2 |

Mouse models of senescence and ageing

Several genetically engineered mouse models (GEMMs) have been created and have 

enabled investigation of the pathology of the senescence-associated secretory phenotype 

(SASP) as well as characterization of its secretome. These seminal studies were critical 

for the subsequent understanding of SASP involvement in the progression of many 

different cancer types, as discussed throughout the Review. A few models are described 

in more detail here.

1. The innovative INK-ATTAC model employed an apoptosis-inducible FKBP-

CAS8 fusion protein driven by the Cdkn2aINK4A promoter that allowed 

visualization (through a GFP tag) of p16INK4A-positive cell populations and 

their selective removal via treatment with the drug AP20187 (REF.218). In a 

mouse model of accelerated ageing, life-long p16INK4A-expressing cell 

elimination decreased the incidence of several age-related pathologies, while 

their removal in late life attenuated progression of already established 

pathologies.

2. The first studies to elucidate an involvement of the SASP in homeostasis 

highlighted the importance of programmed senescence in embryonic 

development219,220.

The generation of the p16–3MR mouse model years later enabled another 

method of detection, isolation and elimination of senescent cells221. These 

studies found that senescent fibroblasts and endothelial cells appeared early 

during wound healing and secreted platelet-derived growth factor AA (PDGF-

AA) to accelerate wound closure221; however, accumulation of senescent 

cells during ageing severely impacted tissue and cartilage regeneration and 

was a contributor towards osteoarthritis222.

3. p53 null and p16INK4A null animal models were employed to investigate 

reprogramming of cells in vivo towards induced pluripotent stem cells 

(iPSCs) using OCT4, KLF4, SOX2 and MYC (OKSM) factors, and 

highlighted the context-specificity involved in senescence induction and 

homeostasis or pathology223,224. oKSM expression led to iPSC 

reprogramming in many tissues but also induced senescence via p16INK4A in 

control animals in a similar manner to both tissue damage and ageing. These 

SASP cells secreted high amounts of interleukin-6 (IL-6) that invoked 

OKSM-like reprogramming of neighbouring cells, suggesting that senescence 

induction contributed to reprogramming-like cellular plasticity upon tissue 

damage, which is hypothesized to be important in wound healing and tissue 

repair. However, they also found that p53 null cells within tissues underwent 

greater cellular damage during senescence induction and induced exacerbated 

SASP-mediated secretion even in the absence of p16INK4A. This finding is 

indicative of how age-induced evolution of stromal tissues may lead to the 
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accumulation of pathological SASP cells, and that this may drive 

reprogramming of the microenvironment towards a pathological state224.
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Fig. 1 |. Stromal deregulation in the aged microenvironment drives tumorigenesis and 
progression.
Fibroblasts are the most common stromal component within tissues. They are responsible 

for regulating tissue structure via extracellular matrix (ECM) deposition and for supporting 

cellular and microenvironmental homeostasis via the tightly regulated secretion of soluble 

factors such as cytokines, chemokines, growth factors and other key signalling proteins. 

Within younger, healthier tissues, the fibroblast secretome provides a very growth-restrictive 

microenvironment for premalignant cells and helps in the prevention of other pathological 

conditions. Furthermore, studies highlight that, under healthy conditions, fibroblasts can 

undergo a short-lived senescence-associated secretory phenotype (SASP) that, through 

secretion of approximately 75 defined soluble factors (such as granulocyte–macrophage 

colony-stimulating factor (GM-CSF), interleukin-6 (IL-6), IL-8 and IL-10), can increase 

immune infiltrates and provide other factors important in the clearance of apoptotic, 

senescent and malignant cells while also aiding in the wound healing response5,9,14,20. 

Following injury and damage, these senescent fibroblasts are quickly cleared by the body221. 

As the body ages, the healthy fibroblast renewal rate decreases dramatically27,28 and 

immunosenescence results in a decrease in effector immune cell function126. As a result, 
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aged tissue microenvironments have an accumulation of SASP-associated fibroblasts5,9,14 

and a switch towards more immunosuppressive immune infiltrates, such as myeloid-derived 

suppressor cells (MDSCs)149–151 and regulatory T (Treg) cells141–144, when compared with a 

younger tissue microenvironment. It can be hypothesized that this establishes a tumour- 

permissive, chronic inflammatory microenvironment that enables cancer cells to eventually 

expand in number and progress unabated by the immune system. Systemic increases in 

immunosuppressive M2 macrophages133 and N2 neutrophils138 in the elderly may also 

further contribute to increased immunosuppression, whereas immunosenescence of effector 

T cells, natural killer cells, macrophages and dendritic cells, all dramatically decrease their 

cytotoxic activities and infiltration within an aged tumour- promoting 

microenvironment127–130. Extensive accumulation of senescent cells has been shown to be 

responsible for many age-related pathologies218 and is a major driver of cancer progression. 

Many of the soluble factors within the SASP have been shown to promote tumour invasion 

(matrix metalloproteinases (MMPs), plasminogen activator inhibitors (PAIs) and tissue-type 

plasminogen activator (tPA))9,33–35, growth (insulin-like growth factor binding protein 

(IGFBP)39–42 and colony-stimulating factor (CSF)41) and angiogenesis (vascular endothelial 

growth factor (VEGF)45) as well as to sustain a protumour milieu by supporting tumour 

evasion of immune surveillance (CXC-chemokine ligand 1 (CXCL1) and CXCL2 

(REFS37,38), IL-6 (REF.4), IL-10 (REF.9) and GM-CSF9). Many of these factors also appear 

to have powerful paracrine effects that can induce SASP in surrounding stromal cells46–49. 

SASP fibroblasts also promote extensive ECM remodelling to increase key signalling 

components involved in tumorigenesis and to promote invasion of tumour cells and immune 

cell trafficking74,98. Recent evidence now also suggests that ageing reprogrammes the 

secretome of healthy human fibroblasts within the skin, whereby aged skin fibroblasts 

secrete factors such as secreted frizzled-related protein 2 (SFRP2), which significantly 

increases tumour cell invasion and dissemination, tumour angiogenesis, and resistance to 

targeted therapy71.
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Fig. 2 |. Age-induced contextual changes in extracellular matrix structure and function in the 
tumour microenvironment.
The extracellular matrix (ECM) provides a scaffold responsible for protein and cell-specific 

trafficking across the body, while also providing structural integrity for tissue 

microenvironments. Components of the ECM serve as ligands for cell surface receptors 

known as integrins and these, along with the biophysical properties of the ECM including 

stiffness, crosslinking and fibre alignment, provide extrinsic cues that dramatically alter 

cellular phenotype. The loss of tissue ECM integrity encompasses one of the hallmarks of 

cancer, and ECM dysregulation is heavily associated with tumour progression and 

metastasis73–76. There is dramatic diversity in both the biochemical and biophysical nature 

of the ECM environment across different tissues. For example, the ‘basket-weave’ pattern 

seen in the ECM of skin has not been observed in breast tissues (not shown in this figure for 

simplicity). In healthy, younger individuals, softer tissues, such as the brain, lung and breast, 
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require a more elastic, ‘looser’ connective tissue environment (bottom, left), whereas harder 

tissues, such as the skin and bone, require stiffer structures to provide a protective barrier 

(top, left). It has been clearly established that ECM integrity decreases substantially across 

the body as we age, which includes a decrease in collagen density84–86 and ECM fibre area 

and thickness87–89 as well as changes in the mechanical properties of the ECM such as 

stiffness85. Furthermore, natural age-related turnover of collagen crosslinking proteins, such 

as fibulin, fibrillin and elastin90,91, decreases crosslinking within the ECM, which further 

impairs integrity92 (top and bottom, right). Studies reveal that age-related decreases in ECM 

integrity in the skin, which is known to be a stiff tissue microenvironment, can promote 

cancer progression72. Specifically, these studies show that age-related decreases in the 

secretion of the ECM remodelling protein hyaluronan and proteoglycan link protein 1 

(HAPLN1) from fibroblasts (and consequent breakdown of hyaluronic acid (HA)) result in 

significantly decreased collagen crosslinking and density while also increasing fibre 

alignment, resulting in increased melanoma cell invasion and progression (top, right). By 

contrast, the different context of softer tissue microenvironments means that they often 

require increased crosslinking and stiffening to promote efficient tumour progression100,105. 

Age-induced accumulation of senescence-associated secretory phenotype (SASP) stromal 

cells appears to be a key mechanism in inducing ECM stiffness in site-specific niches within 

these environments, such as the lung99, which may ultimately allow increased tumorigenesis 

and dissemination; however, further studies are required to directly link these processes 

(bottom, right).
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Fig. 3 |. Immune cell switching, inflammaging and immunosenescence as drivers of age-induced 
tumour progression.
Many of the hallmarks of cancer require immune modulation as an important step in 

enabling efficient progression12,73. One of the critical factors involved in age-related 

pathologies is immunosenescence, a process defined as a dramatic decline in overall immune 

function126,198. Subpopulations of effector immune cells, including T cells, natural killer 

cells, macrophages and dendritic cells, exhibit a dramatic decrease in cytotoxic activity 

during the ageing process127–130. In younger and healthier tissues, these effector cells are 

responsible for acute responses to malignant tissue growth and clearance of senescent cells; 

thus, age-related immunosenescence plays a key role in promoting tumour formation and 

accumulation of senescence-associated secretory phenotype (SASP)-secreting cells. These 

age-related decreases in effector immune cell function also appear to induce tissue-specific 

switching towards more immunosuppressive cell populations. Many studies show that 

immunosuppressive myeloid-derived suppressor cells (MDSCs)149–151 and regulatory T 

(Treg) cells141–144 are significantly increased in aged tissues and blood, and depending on 

the context, contribute towards the progression of tumours in aged mouse models144,152. 

These immune components are also critical for the establishment of premetastatic niches 

across many cancer types148,153; however, a direct relationship between these immune cell 

populations and metastatic niche formation with ageing has yet to be investigated. 

Furthermore, in the elderly, effector cells, such as neutrophils and macrophages, appear to 

switch phenotypically towards immunosuppressive N2 (REF138) and M2 (REF133) states, 

respectively, both of which have been shown to promote tumorigenesis of various cancer 

types135,139; yet, more direct studies showing their involvement in age-related tumorigenesis 

are warranted. The accumulation of SASP stromal components also results in 

‘inflammaging’, a process defined by persistent low-grade inflammation107,108,126. This 

process has been shown to disrupt acute inflammatory responses towards malignant tissue, 

induce infiltration of immunosuppressive MDSCs111 and Treg cells112, and promote 
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secretion of anti-inflammatory components such as cytokines, chemokines and ‘inflamma-

miRs’116–119. As such, ‘inflammaging’ appears to play a key role in impairing antitumour 

immunity in aged individuals. ARG1, arginase 1; CRP, C-reactive protein; ECM, 

extracellular matrix; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFNγ, 

interferon-γ; IL, interleukin; ROS, reactive oxygen species; TGFβ, transforming growth 

factor-β; TNF, tumour necrosis factor.
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