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The tumor microenvironment (TME) has become the focus of interest in cancer research and treatment. It includes the

extracellular matrix (ECM) and ECM-modifying enzymes that are secreted by cancer and neighboring cells. The ECM

serves both to anchor the tumor cells embedded in it and as a means of communication between the various cellular and

non-cellular components of the TME. The cells of the TME modify their surrounding cancer-characteristic ECM. This in

turn provides feedback to them via cellular receptors, thereby regulating, together with cytokines and exosomes,

differentiation processes as well as tumor progression and spread. Matrix remodeling is accomplished by altering the

repertoire of ECM components and by biophysical changes in stiffness and tension caused by ECM-crosslinking and

ECM-degrading enzymes, in particular matrix metalloproteinases (MMPs). These can degrade ECM barriers or, by partial

proteolysis, release soluble ECM fragments called matrikines, which influence cells inside and outside the TME.
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1. Introduction

The tumor microenvironment (TME) describes the conditions within and in the vicinity of a solid tumor mass. It is shaped

in an orchestrated manner by the oncogenically transformed cells and their neighboring tissue cells. It comprises cellular

and noncellular constituents of macromolecular size and smaller molecules, as well as several biophysical parameters,

such as pH, redox status , and mechanical tension within the tissue  (Figure 1). Among the small molecules,

aberrant concentrations of redox potential-determining compounds, such as glutathione and reactive oxygen species

(ROS) as well as extracellular ATP, characterize the TME .

Fibrillar and non-fibrillar proteins and rather amorphous proteoglycans together form the insoluble scaffold of the

extracellular matrix  (Figure 1). The TME is also unique in its composition of soluble extracellular proteins, such as

cytokines  and enzymes. Among the latter, extracellular matrix (ECM)-degrading matrix metalloproteinases (MMPs)

and ECM-crosslinking lysyl-oxidases and transglutaminases characteristically contribute to the plasticity and distinction of

the TME . They are actively produced and remodel the ECM of the TME in a way, which influences cancer cells

and their neighboring cells in a tumor-supportive manner. This review will shed light on the ECM of the TME and will take

into account its TME-characteristic remodeling with a special emphasis on the MMPs. Moreover, it will summarize the

current knowledge on the interactions of TME-embedded cells, both cancer and resident cells, with the ECM and the

mutual effects on each other in maintaining tumor-supportive surroundings and in fostering metastasis.

Figure 1. Cellular and non-cellular components of the tumor microenvironment (TME) and their interplay. In addition to the

tumor cells (TCs), fibroblasts and their derivatives, the cancer-associated fibroblasts (CAFs), as well as ingrowing

endothelial cells (ECs) and infiltrating immune cells are the cellular components of the tumor microenvironment (TME).

The cells synthesize and secrete (syn./sec.) not only the extracellular matrix (ECM) components, but also growth factors,

exosomes, and ECM-modifying enzymes, such as proteinases. Both cells and their secretion products interact with the

fibrillar and non-fibrillar components of the ECM. Hyaluronic acid and glycosaminoglycan (GAG)-chains of proteoglycans

increase the swelling potential of the interstitial space, which is counterbalanced by the tensile force-bearing fibrils of

collagens, elastin and fibronectin. Modified by tethered growth factors, by crosslinking and cleaving enzymes, and by

contractile forces, the ECM and its fragments with cytokine-like functions (matrikines) influence the cells within the TME in

various ways. ROS, reactive oxygen species.

2. The Extracellular Matrix as a Key Component of the TME

The palpation of, e.g., the mammary gland, is a simple procedure to detect volume-demanding and stiffer tumor tissue .

Biophysical differences between normal tissue and tumor mass are caused by cell growth and the increased deposition of

ECM components, known as desmoplasia, which is typically observed in healing wounds and fibrosis .
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Most of the mass of solid tumors consists of ECM . Having developed from collagen-rich stromal tissue, the TME is rich

in collagens, especially if the tumor mass induces a desmoplastic reaction . Collagens as the most abundant proteins

of the human body crucially contribute to the scaffolding function of the ECM. The almost 30 members of the collagen

family share several characteristics: (i) Their three chains consist of the repetitive Gly–X–Y amino acid sequence with X

and Y being different amino acids, most frequently proline and hydroxyproline; (ii) They form a characteristic, staggered

triple helix with the glycine residues of all triplet sequences in its center; (iii) They self-assemble into supramolecular

structures, in which several triple-helical collagen molecules associate forming fibrils, networks, and other highly ordered

aggregates . Fibrils of type I collagen, together with collagen types III and V, bear the tensile forces within normal

stromal tissue and in the TME of the tumor mass. They are preferentially deposited in desmoplastic environments, where

the resident stromal cells are induced by tumor cells to produce and deposit collagen type I to form the stiff TME or a

capsule surrounding the tumor mass . Another collagen isoform, type IV collagen, along with collagens XV and XVIII,

forms a network-like suprastructure, which is typical of basement membranes (BMs), the specialized sheet-like ECM that

separates stromal tissue from other tissues. As it confines cells to their respective tissue type, its breaching by malignant

cells is a hallmark of cancer .

Spanning the interstitial stroma, collagen fibrils provide an ideal path for cell migration and promote cancer cell

dissemination along these fibrils (Figure 2). In contrast, the meshwork of stromal collagen fibrils and the desmoplastic

capsule around the tumor mass like the type IV collagen network of basement membranes are extremely dense and

impede tumor cell infiltration . These ECM barriers are overcome by the cancer cells or their accompanying CAFs by

the cleavage of collagen with particular collagenases .

In addition to the network-forming collagens, laminins, which form a family of about 20 members, are typical constituents

of basement membranes . Their N termini and the C terminus formed by the globular G domain of the laminin α

chain protrude from an α-helical coiled coil [21]. Although laminins are normally exclusively found in BMs, some types of

laminins, such as laminin-332, also occur ectopically within the TME , but their role in the TME has not yet been fully

deciphered.

Collagen fibrils are often found together with elastin and fibulin containing elastic fibrils , which, due to their reversible

elasticity, allow the resilience of the ECM. Interestingly, most of the body’s elastin is formed pre- and early postnatally but

hardly in the adult body . However, some cancer entities stimulate and reinitiate elastin production and deposition,

which is known as elastosis . Similarly noteworthy, elastin degradation peptides (EDPs) are released in the TME, which

stimulate tumor cell growth and progression via different receptors  (Figure 2).

Figure 2. The supramolecular structure of collagen as a substrate or impediment of cancer cell dissemination: (A) The

metastatic cascade of malignant carcinoma cells includes the penetration of the epithelial basement membrane (no.1);

Solid tumors within the stroma tissue are often surrounded by a desmoplastic collagen capsule, which impedes cancer

cell migration (no.2); Through the interstitial stroma, cancer cells utilize collagen-rich fibrils to quickly reach a nearby blood

vessel (no.3); There, they intravasate through the endothelial basement membrane (no.4); When blood-borne, they float
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with the blood stream, mostly sheltered by platelets (no.5); To extravasate, they attach to the vessel wall of a distant organ

and again breach the endothelial basement membrane (no.6); Moving quickly along collagen-rich fibrils (no.7), they reach

the metastatic niche (no.8), where they grow into a metastasis. (B) The different dissemination-supporting and impeding

functions of the collagen suprastructures are highlighted for the different steps of the metastatic cascade. The cancer cells

experience, particularly by integrins, the ECM as dissemination-supporting tracks and channels, especially if migration

and fibrils point into the same direction and if the fibril network is not too dense. In contrast, the dense array of collagen

fibrils in desmoplastic capsules and of network-forming collagens within the basement membrane impedes cancer cell

progression and requires the use matrix-metalloproteinases. Moreover, the orientation of collagen fibrils within the

desmoplastic capsule is mostly perpendicular to the direction of dissemination .

Fibronectin is another scaffold-forming glycoprotein found in BMs as well as in the ECM of the TME , with distinct

splice variants being produced in the TME . Fibronectin consists of two disulfide-linked protein chains with a

characteristic modular character of fibronectin repeats of types I, II, and III with about 30, 60, and 90 amino acids,

respectively. The type I and II repeats allow the formation of disulfide-crosslinked supramolecular fibronectin networks in

the tissue stroma . Fibronectin isoforms with the extra domains ED-A and ED-B are normally expressed under the

control of mainly TGF-β during embryonic development and wound repair but also in the hypoxic TME . Thus, ED-A-

and/or ED-B- fibronectin are employed as a marker to image tumor nodes . Other glycoproteins marking a tumor-

modified stroma are tenascins-C and W . Like the other two members of the tenascin family , they are

disulfide-crosslinked homotrimers, each consisting of three chains forming an α-helical coiled coil. With their ECM-typical

EGF-like and type III fibronectin domains, and a C-terminal fibrinogen globe module, they perform various functions in

wound healing and tumor progression. These tenascin isoforms or fragments thereof can also be released from the

primary tumor into the blood circulation and precondition distant sites as premetastatic niches . Thus, the blood levels

of tenascins are a diagnostic tumor marker . Their abundance in the TME is tested for diagnostic imaging and

therapeutic exploitation . Tenascins and other pericellular ECM proteins, such as periostin , galectins , small

integrin-binding ligand N-linked glycoproteins (SIBLINGs), secreted protein acidic and rich in cysteine (SPARC),

thrombospondin, angiopoietin-like proteins, certain proteoglycans, and CCN family members are referred to as

matricellular proteins . Rather than performing scaffolding functions, they modulate the supramolecular architecture of

the collagen and fibronectin network  and they regulate cellular behavior within the TME. For example, CCNs regulate

the proliferation and migration of ECM scaffold-embedded cells .

Functionally similarly versatile are glycosaminoglycans (GAGs), and the protein- and sulfate-free hyaluronic acid (HA)

made up of N-acetylglucosamine and glucuronic acid , as well as sulfated GAG-chain containing proteoglycans,

such as heparan sulfate and keratan sulfate, and galactosamine-containing chondroitin sulfate and dermatan sulfate 

. According to their location, proteoglycans are divided into extracellular, membrane-bound, and intracellular

proteoglycans. The extracellular group includes the hyaluronic acid-binding hyalectans (e.g., aggrecan, versican with four

different splice variants, neurocan, and brevican), the small leucine-rich proteoglycans (SLRPs, e.g., decorin, biglycan,

fibromodulin, and lumican), and the BM-located pericellular proteoglycans (e.g., perlecan, agrin, and collagen XVIII).

Perlecan, agrin, and the network-forming type VIII collagen bear heparan sulfate GAG chains , while the hyalectans

and SLRPs are decorated with different numbers of covalently attached chondroitin sulfate, sometimes in combination

with additional dermatan sulfate chains (decorin) or keratan sulfate chains (aggrecan, fibromodulin, lumican) . The

extracellular proteoglycans non-covalently link up with the scaffold of fibril-forming ECM components in different ways.

Type IX collagen decorates the surface of type II collagen fibrils, while type XVIII collagen forms the BM-typical chicken

wire network together with type IV collagen. Although alloyed into collagen fibrils, they are also proteoglycans due to their

chondroitin sulfate and heparan sulfate GAG-chains, respectively. Alternatively, several proteoglycans, such as decorin

and other SLRPs, interact via their protein cores with type I collagen-containing fibrils and thus control the suprastructure

of the ECM scaffold . Moreover, specific type III repeats of fibronectin, certain G-domains of laminin α-chains, tenascins

and thrombospondins harbor heparan sulfate binding sites, thereby allowing protein-carbohydrate binding interactions to

connect the “amorphous” proteoglycans with higher suprastructure-forming ECM components. Likewise, the hyalectans

have a carbohydrate-binding domain, which allows their binding to hyaluronic acid.

Proteoglycans with their GAG chains also specifically tether growth factors and assist in presenting them to the respective

cellular receptors. Such tethering of growth factors and cytokines stabilizes the formation of spatial gradients, which are

indispensable for normal development and also contribute to pathologic processes. For example, in tumor angiogenesis,

endothelial cells (ECs) follow a VEGF gradient that is stabilized by tethering to heparan sulfate GAG chains .
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