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The tumor stroma, which comprises stromal cells and non-cellular elements, is a critical component of the tumor

microenvironment (TME). The dynamic interactions between the tumor cells and the stroma may promote tumor

progression and metastasis and dictate resistance to established cancer therapies. Therefore, novel antitumor

approaches should combine anticancer and anti-stroma strategies targeting dysregulated tumor extracellular matrix

(ECM). ECM remodeling is a hallmark of solid tumors, leading to extensive biochemical and biomechanical changes,

affecting cell signaling and tumor tissue three-dimensional architecture. Increased deposition of fibrillar collagen is the

most distinctive alteration of the tumor ECM. Consequently, several anticancer therapeutic strategies have been

developed to reduce excessive tumor collagen deposition.
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1. Introduction

Tumor and tumor-associated stromal cells promote the production and remodeling of the extracellular matrix (ECM) to

create a tumor microenvironment (TME) that supports cancer growth, metastatic dissemination, and immune evasion and

affects the patient’s response to therapy . ECM is composed of a vast array of proteins, proteoglycans and

glycosaminoglycans organized in a complex and dynamic three-dimensional network. The members of the collagen family

are the most abundant (up to 90%) proteins in the ECM . Collagen synthesis and assembly are a complex, multistep

process involving different specific enzymes and molecular chaperones that are tightly regulated to preserve tissue

homeostasis. Collagens are composed of three homo- or hetero-trimeric polypeptide chains (α chains), which are

synthesized as pre-pro-collagens that undergo several post-translational modifications, including proline and lysine

hydroxylation and glycosylation, in the endoplasmic reticulum. Three post-translationally modified pro-α chains form a

procollagen molecule, which, upon secretion into the extracellular space, is proteolytically cleaved. Triple-helical

procollagen is transported across the Golgi complex, self-assembled into collagen fibrils and exported into the ECM. The

fibrils are then stabilized by the formation of covalent crosslinks and aggregation of multiple collagen fibrils to finally

produce collagen fibers . Among the 28 isoforms of collagen identified in humans, the types I, II, III, V, XI, XXIV and

XXVII constitute the sub-group of fibrillar collagen, which organizes a three-dimensional framework that supports the

ECM’s mechanical strength and regulates cell adhesion, migration, differentiation, and survival . Each collagen isoform

has a distinct tissue distribution and might exert diverse functions in cancer-associated processes . In particular, fibrillar

collagen types I and III are the most abundant isoforms of collagen and have been associated with different types of

tumors, including bone, breast, colorectal, ovarian, lung, head and neck, and pancreatic cancers .

In cancer, the ECM structure, physical properties, metabolism, and function are highly dysregulated. In particular, the

tumor ECM is more abundant, condensed, and stiffer than the ECM in the surrounding healthy tissue, leading to

increased interstitial fluid pressure and making the tumor less accessible to nutrients, oxygen, immune cells, and

therapeutic drugs . Above all, collagens are upregulated in several types of cancer, such as oral squamous cell

carcinoma, breast, pancreatic, and gastric cancers; moreover, high collagen expression correlates with poor overall

survival and affects the response to chemo-, radio- and immuno-therapies . Collagen has a prognostic and predictive

value in different types of solid tumors, including breast, prostate, lung, liver, colon, and pancreatic cancers . In

particular, oriented collagen around tumor cells  and the identification of distinct collagen organization patterns, termed

tumor-associated collagen signatures (TACS), are indicators of disease progression . Recently, the predictive value of

collagen has been extended from tissue to blood, as non-invasive determination of serum collagen fragments has been

proposed for the optimization of patient selection to improve the efficacy of immune checkpoint inhibitor (ICI)

immunotherapy .
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Cancer cell behavior is modulated via a biochemical and biomechanical cross-talk with stromal cells, mainly cancer-

associated fibroblasts (CAFs) . Different subsets of CAFs have been identified on the basis of their gene expression,

phenotypic marker profiles and functions . Among these sub-types, the myofibroblast-like CAFs (myCAFs) express

high levels of fibroblast activation protein (FAP), secrete cytokines, chemokines, and extracellular vesicles and produce a

dense collagen-rich ECM that modulates the infiltration of immune cells within the TME, suppressing antitumor immunity

.

2. Collagen Targeting for Anticancer Drug Delivery

The interactions of different proteins with several types of collagen are mediated by specific collagen-binding domains

(CBD) . Engineering antibodies, drugs, or cytokines with a CBD allows for the targeting and release of the CBD-

associated biomolecules into the tumor collagen scaffold, reducing off-target effects, decreasing toxicity upon systemic

administration, and increasing localized retention, thereby enhancing their therapeutic efficacy . As an example, Liang

et al. demonstrated that the fusion of a recombinant protein containing the EGFR binding fragment of cetuximab with a

CBD results in specific targeting and improved penetration into squamous carcinoma A431 cell xenografts . A similar

strategy was used to obtain CBD conjugation to immune checkpoint inhibitor antibodies and fusion to interleukin-2 (IL-2)

. Interestingly, in different tumor models, both CBD-fused IL2 and CBD-conjugated checkpoint inhibitors showed

enhanced antitumor efficacy and reduced associated toxicity compared with their unmodified counterparts. Moreover,

CBD fusion to IL-12 has been described as resulting in systemic toxicity reduction and synergy with immune checkpoint

inhibitor therapy . Improvements in the efficacy of cytokine therapy for cancer treatment were also achieved by fusing

IL-2 and IL-12 to the collagen-binding protein lumican to potentiate cytokine specificity and local retention and reduce

systemic toxicity . Among the strategies to ameliorate in situ drug delivery, the combination of collagen-derived

hydrogels and CBD has also been investigated; for instance, localized and controlled delivery of immunotherapeutics has

been achieved by the implantation of a collagen hydrogel loaded with interferon-alpha 2b fused to a collagen-binding

domain . The above-mentioned studies collectively demonstrate the possibility of targeting both cytokines and immune

checkpoint inhibitors by engineering them with collagen-binding peptides or proteins to achieve improved immunotherapy

safety and efficacy.

Some recent investigations showed that albumin, the most abundant plasma protein, can also be used as a carrier to

improve the pharmacokinetics, solubility and serum stability of anticancer drugs . Moreover, albumin accumulates in the

TME since it is used as an energy source by fast-growing cancer cells . Exploiting these favorable pharmacological

features, Sasaki et al. developed a strategy to obtain collagen-binding serum albumin drug conjugates. In particular,

doxorubicin was conjugated with albumin fused with a CBD and used to treat a murine model of colon carcinoma. In

combination with an anti–PD-1 checkpoint inhibitor, the treatment resulted in complete tumor regression by virtue of the

significantly higher doxorubicin accumulation observed within the TME . Chemotherapeutic drug delivery by anti-

collagen 4 immunoconjugates has also been described as a strategy for tumor stroma targeting .

Other than maximizing the therapeutic efficacy of anticancer drugs, tumor collagen drug-targeting has also been

considered for enhancing the pharmacokinetics of diagnostic compounds . For instance, the development of a

collagen-targeted MRI contrast agent has been described to achieve high sensitivity at low dosage, reduce metal toxicity,

and facilitate disease progression monitoring and the early detection of liver metastasis .

3. Strategies to Promote Tumor Collagen Degradation

3.1. Collagenase Treatment

The administration of different matrix-modulating enzymes, including collagenase, relaxin and hyaluronidase, has been

used to promote the degradation of the extracellular matrix (ECM) components aiming at tumor stiffness reduction . In

particular, studies performed on animal models indicate that collagenase treatment can improve the diffusion and the

uptake of therapeutic macromolecules, nanoparticles, and gene therapy vectors into solid tumors by approximately 2-fold

on average . The clinical significance of this relatively modest effect is controversial, and it is likely dependent on

the type and on the stage of the tumor, the delivery route and the duration of the treatment . Furthermore, the

products of collagen degradation can still promote cancer angiogenesis and metastasis . Therefore, toxicity and

immunogenicity of administered collagenase, off-target effects on non-tumor tissues and the possible increase in the

tumor metastasis potential need to be precisely addressed before clinical translation.
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3.2. Collagenase Encapsulated Nanoparticles and Hydrogels

Advances in nanotechnology and the engineering of hydrogel materials have provided new opportunities for controlled

local delivery of ECM-degrading enzymes. Collagenase functionalization of nanoparticles has been shown to promote the

degradation of extracellular stroma in different tumor experimental models, thereby enhancing the permeability and

retention of antitumor drugs . Pan et al. described a localized co-delivery strategy into HER2-positive BT474

tumor-bearing mice of collagenase and trastuzumab by using a thermosensitive hydrogel, suggesting that this delivery

route may promote the penetration of the therapeutic antibody into deeper tumor tissues .

3.3. Protein-Free Collagen Degradation

As a strategy to promote the degradation of tumor collagen without the use of collagen-degrading enzymes, Dong et al.

described the use of nanoparticles loaded with a chemotherapeutic agent, doxorubicin, and a nitric oxide (NO) donor. The

loaded NO induced the activation of resident matrix metalloproteinases (MMPs) that degrade the collagen in the TME,

further facilitating the penetration of the nanoparticles and their therapeutic payload in the orthotopic 4T1 breast cancer

model . Differently from the use of collagen-degrading enzymes, this alternative strategy leads to increased tumor

penetration of both the loaded cargo and the nanoparticle, thus leading to improved anticancer efficacy with reduced

toxicity.

3.4. Collagen-Degrading Bacteria

Motile bacteria are promising anticancer drug delivery vectors by virtue of their proteolytic activity toward ECM

components that promote solid tumor colonization . Recently, the engineering of bacteria to promote ECM

degradation has been proposed as an innovative strategy to modify the immune landscape of the TME. In particular,

engineered collagen I-degrading Salmonella typhimurium effectively targets collagen within the pancreatic ductal

adenocarcinoma (PDAC) tissue, reduces the frequency of suppressive intratumoral cells and improves the efficacy of

combined immunotherapy treatments .

3.5. Degradation of Tumor Extracellular Matrix Mediated by Armed Oncolytic Virus

Oncolytic viruses (OVs) can specifically replicate in tumor cells inducing their lysis; moreover, OVs may also target tumor

stromal cells, including cancer-associated fibroblasts (CAFs), leading to profound alterations within the TME . As OV

engineering allows for the expression of transgenes that may enhance the antitumor immune responses and the TME

remodeling, oncolytic adenoviral viruses expressing relaxin , decorin  and MMP-8  have been

generated to decrease the synthesis or promote the degradation of components of the ECM, including collagen fibers,

thus supporting the viral spread and, consequently, improving virotherapy therapeutic efficacy . Recently, Zhang et al.

observed a synergistic antitumor effect of the combination between an oncolytic adenovirus carrying decorin with a CAR T

cell therapy targeting carbonic anhydrase IX. In particular, in a xenograft model of human renal carcinoma, this combined

therapy altered the distribution of collagen fibers within the TME, promoting the efficacy of CAR T cells by enhancing T cell

persistence . Oncolytic viruses have also been engineered to produce bispecific T cell engagers (BiTEs) to target some

tumor stromal components to promote antitumor effects .
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