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A B S T R A C T   

Radiation therapy (RT) is essential for triple negative breast cancer (TNBC) treatment. However, patients with 
TNBC continue to experience recurrence after RT. The role of the extracellular matrix (ECM) of irradiated breast 
tissue in tumor recurrence is still unknown. In this study, we evaluated the structure, molecular composition, and 
mechanical properties of irradiated murine mammary fat pads (MFPs) and developed ECM hydrogels from 
decellularized tissues (dECM) to assess the effects of RT-induced ECM changes on breast cancer cell behavior. 
Irradiated MFPs were characterized by increased ECM deposition and 昀椀ber density compared to unirradiated 
controls, which may provide a platform for cell invasion and proliferation. ECM component changes in collagens 
I, IV, and VI, and 昀椀bronectin were observed following irradiation in both MFPs and dECM hydrogels. Encap-
sulated TNBC cell proliferation and invasive capacity was enhanced in irradiated dECM hydrogels. In addition, 
TNBC cells co-cultured with macrophages in irradiated dECM hydrogels induced M2 macrophage polarization 
and exhibited further increases in proliferation. Our study establishes that the ECM in radiation-damaged sites 
promotes TNBC invasion and proliferation as well as an immunosuppressive microenvironment. This work 
represents an important step toward elucidating how changes in the ECM after RT contribute to breast cancer 
recurrence.   

1. Introduction 

Breast cancer is the second leading cause of cancer related mortality 
in women [1]. One widely used treatment for patients with breast cancer 
is radiation therapy (RT), which typically enhances antitumor effects 
and eliminates residual tumor cells after surgery and chemotherapy. 
However, approximately 20% of breast cancer patients suffer locore-
gional recurrence after initial treatment, especially in triple negative 

breast cancer (TNBC) where patients have higher mortality compared to 
other subtypes [2,3]. Over 13% of treated TNBC patients suffer local 
recurrence at the primary site [4]. Previous work has shown that radi-
ation of normal tissues under immunocompromised conditions can 
induce excess immunosuppressive M2 macrophage in昀椀ltration, which 
ultimately leads to tumor cell recruitment, suggesting that recurrence 
following RT may be dependent on immune status [5–7]. Therefore, 
understanding the mechanisms behind recurrence post-RT in TNBC is 
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critical for improved patient survival. 
The extracellular matrix (ECM) in the tumor microenvironment 

plays a major role in tumor progression and metastasis. ECM structure, 
composition, and mechanical properties have profound effects on cell 
and tissue phenotype [8]. Recent studies have revealed that ECM 
deposition is altered by RT-induced 昀椀brosis and that tumor cells grow 
differently on ECM depending on the tissue origin [9,10]. Excess ECM 
deposition can act as a barrier to shield cancer cells from treatment and 
negatively affects the transport of oxygen, nutrients, and metabolites, 
leading to drug resistance and reducing overall survival [11]. We are 
therefore motivated to determine the effect of the irradiated ECM on 
tumor and immune cell behavior, which has not yet been explored. A 
variety of synthetic hydrogels have been designed to study the impact of 
ECM on cell behavior. However, these synthetic systems have many 
limitations in recapitulating the native ECM. Decellularized ECM 
(dECM) hydrogels prepared from mammalian organs retain the 
composition of the original tissue and are considered promising bio-
logical scaffolds for cell growth and tissue regeneration. For example, 
dECM hydrogels have been engineered from multiple organs, including 
adipose tissue, dermis, or bladder, and then applied to cell culture in 
vitro or as natural injectable materials to repair and reconstruct tissues in 
vivo [12–14]. In this study, we developed dECM hydrogels to replicate 
the in vivo adipose tissue microenvironment and study the in昀氀uence of 
the irradiated ECM on tumor recurrence in vitro. This model allows for 
the analysis of the direct effects of radiation on changes in the ECM 
within mammary tissue, providing novel insights into strategies for 
preventing cancer recurrence post-therapy. 

We hypothesized that RT-induced ECM alterations contribute to 
local recurrence by facilitating a pro-tumor microenvironment that en-
courages tumor cell growth and invasion. To test this hypothesis, we 昀椀rst 
analyzed the structure, composition, and mechanical properties of mu-
rine mammary fat pads (MFPs) following irradiation. We then fabricated 
dECM hydrogels from MFPs and evaluated the role of the irradiated ECM 
on tumor and immune cell behavior. This work represents a crucial step 
toward elucidating how modulation of the ECM after RT contributes to 
breast cancer recurrence. 

2. Materials and methods 

2.1. Animals 

Animal studies were performed in accordance with institutional 
guidelines and protocols approved by the Vanderbilt University Insti-
tutional Animal Care and Use Committee. 8-10-week-old female Nu/Nu 
mice were obtained from Charles River Laboratories. The mice were 
allowed free access to standard diet and water and maintained under a 
12 h light/12 h dark cycle. 

2.2. Preparation of MFP-derived dECM hydrogels 

MFP-derived dECM was prepared as previously described [15]. In 
brief, MFPs were harvested from sacri昀椀ced Nu/Nu mice using CO2 
asphyxiation followed by cervical dislocation. Tissues were then irra-
diated to a dose of 20 Gy ex vivo using a cesium source to establish the 
direct effect of radiation on ECM changes in mammary tissue. MFPs 
were cultured in complete RPMI media at 37 çC/5% CO2 incubator for 
two days and subsequently stored at −80 çC. Thawed MFPs were treated 
with 0.02% w/v trypsin/0.05% w/v EDTA (Gibco) in deionized water 
for 1 h, 3% v/v Triton-X-100 (Sigma-Aldrich) for 1hr, 4% w/v deoxy-
cholic acid (Frontier Scienti昀椀c) for 1 h, 1% v/v penicillin-streptomycin 
(Gibco) at 4 çC overnight, and 4% v/v ethanol/0.1% v/v peracetic 
acid (Sigma-Aldrich) for 2 h. MFPs were then treated to 4 × 15 min 
washes of phosphate-buffered saline (PBS) (Quality Biological, Inc.), 
100% n-propanol (Fisher Scienti昀椀c) incubation for 1hr, and 4 × 15 min 
washes of deionized water. Decellularized and delipidated MFPs were 
then frozen and lyophilized for use in hydrogel preparation. The 

lyophilized MFP ECM samples were ground into a powder and mixed 
into 0.1 M hydrochloric acid–pepsin solution (1 mg/mL) (Sigma-Al-
drich) at a concentration of 20 mg/mL, and enzymatically digested for 
48 h under a constant stir rate at room temperature. The digestion was 
ended by titration to pH 7.4 with 1 M NaOH and a 10x PBS solution, 
bringing the pre-gel solution to 1x PBS. The dECM hydrogel is liquid at 
room temperature and forms a gel after 30 min at 37 çC. 

2.3. Cell lines 

GFP- and luciferase-labeled 4T1 mouse mammary carcinoma cells 
were obtained from Dr. Laura Bronsart (Stanford University) in 
December 2017. Unlabeled 4T1 cells were obtained from ATCC. MDA- 
MB-231 human breast cancer parental cells were obtained from Dr. 
Amato Giaccia (Stanford University) in August 2011. MDA-MB-231 cells 
were transduced with retrovirus particles encoding for the expression of 
昀椀re昀氀y luciferase gene. All cells were cultured at 37 çC and 5% CO2. Bone 
marrow derived macrophages (BMDMs) were isolated from the femurs 
of 8-10-week-old female Nu/Nu mice [16,17]. All cell lines tested 
negative for Mycoplasma contamination with the MycoAlert Myco-
plasma detection kit (Lonza). 4T1 cells were cultured in in RPMI-1640 
(Gibco), MDA-MB-231 cells were cultured in DMEM (Gibco), and both 
were supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich) 
and antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin) 
(Sigma-Aldrich). Isolated BMDMs were cultured in IMDM (Gibco) sup-
plemented with 10% fetal bovine serum (FBS; Sigma-Aldrich), 10 ng/mL 
macrophage colony stimulating factor (M-CSF; Gibco), and antibiotics 
(100 U/mL penicillin and 100 mg/mL streptomycin) for 7 days for 
maturation into macrophages. 

2.4. Cell culture in dECM hydrogels 

GFP- and luciferase-labeled 4T1 or unlabeled 4T1 cells were seeded 
in dECM hydrogels at a concentration of 1x105 or 5x105 cells/mL of pre- 
gel solution, respectively. GFP- and luciferase-labeled MDA-MB-231 
cells were encapsulated in dECM hydrogels at a concentration of 5x105 

or 10x105 cells/mL of pre-gel solution. 100 μL of the cell-gel solution 
was added into each well of a 16-well chamber slide (Thermo Fisher 
Scienti昀椀c). Cells were thoroughly mixed in the pre-gel solution and then 
incubated at 37 çC for 30 min. 100 μL of complete RPMI media for 4T1 
cells or complete DMEM media for MDA-MB-231 cells was added to each 
well. After culturing at 37 çC for 48 h, cell proliferation was measured by 
adding luciferin (0.167 mg/mL) to the wells for 10 min and performing 
bioluminescence imaging (Caliper LifeSciences IVIS Lumina Series III). 
The GFP-labeled cells were also visualized using 昀氀uorescence micro-
scopy (Leica DMi8) at 0, 24, and 48 h after gelation. 

BMDMs were seeded in dECM hydrogels at concentrations of 5x105 

or 10x105 cells/mL of pre-gel solution. 100 μL of cell-gel solution was 
added into each well of a 16-well chamber slide. Cells were thoroughly 
mixed in the pre-gel solution and then incubated at 37 çC for 30 min. 
100 μL of complete IMDM media was added to each well, and cells were 
cultured at 37 çC for 48 h. For co-culture experiments, BMDMs (10x105 

cells/mL) were stained with CellTrace™ Far Red Cell Proliferation Kit 
(Thermo Fisher Scienti昀椀c) immediately before culturing in 100 μL pre- 
gel solution with GFP- and luciferase-labeled 4T1 cells (5x105 cells/ 
mL). 50 μL of complete IMDM media, 50 μL of complete RPMI (Gibco) 
media, and 10 ng/mL M-CSF were added to each well after gel formation 
and subsequently incubated at 37 çC for 48 h. Both cell lines were 
visualized using 昀氀uorescence microscopy at 0, 24, and 48 h post- 
gelation. Proliferation of 4T1 cells was quanti昀椀ed by bioluminescence 
measurements at 48 h. Cell number per 昀椀eld for 4T1 cells and BMDMs 
was quanti昀椀ed using Fiji software (National Institutes of Health) [18]. 

2.5. Live/Dead assay 

Cell viability was examined by the LIVE/DEAD™ Cell Viability Assay 
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Kit (Molecular Probes, Inc.) 48 h after gelation. In brief, encapsulated 
unlabeled 4T1 cells or BMDMs were washed twice in Dulbecco’s PBS 
(DPBS) (Gibco). 100 μL of DPBS containing 1 μM calcein AM (excita-
tion/emission = 494/517 nm) and 2 μM ethidium homodimer (excita-
tion/emission = 528/645 nm) was then added to the wells and 
measured using a Varioskan plate reader (Thermo Fisher Scienti昀椀c) after 
30 min. Cells were then visualized by 昀氀uorescence microscopy (Leica 
DMi8). 

2.6. Scanning electron microscopy (SEM) tissue preparation and 
quanti昀椀cation 

MFP structure was examined using SEM (Quanta 250 E-SEM), and 
昀椀ber network characteristics were quanti昀椀ed using a previously devel-
oped image analysis algorithm run on MATLAB software [19]. MFPs 
were 昀椀xed in cold 2% v/v glutaraldehyde with 4% paraformaldehyde in 
0.1 M sodium cacodylate buffer (Electron Microscopy Sciences) for 4 h 
followed by one wash in the same buffer. Fixed tissues were placed in 1% 
aqueous osmium tetroxide solution (OsO4) (Electron Microscopy Sci-
ences) for 1 h and then washed twice with Milli-Q water. MFPs were 
dehydrated in a graded series of alcohol (50, 70, 90, 100% ethanol in 
deionized water) for 10 min per wash and then left in 100% ethanol 
(Thermo Fisher Scienti昀椀c) overnight at 4 çC. After three additional 45 
min changes in 100% ethanol, MFPs were critical point dried (Tousi-
mis). After drying, tissues were sputter coated (Ted Pella, Inc.) with a 
4.5 nm thick gold/palladium alloy coating and imaged with SEM. A 
complete set of 昀椀ber network descriptors was collected from SEM im-
ages of each MFP: 昀椀ber alignment, node density (number of 昀椀ber in-
tersections per mm2), and 昀椀ber diameter. Fiber alignment was described 
through the normalized orientation index where 0% represents a 
randomly organized (isotropic) network while 100% represents a 
completely aligned (anisotropic) network. Porosity was described 
through the mean of the pore size histogram (mm2). Automated 
extraction of these 昀椀ber architectural features was achieved with an 
algorithm, which has been previously described in detail [19]. Brie昀氀y, 
the SEM image is digitally processed by a cascade of steps, including 
equalization with a 3x3 median 昀椀lter, local thresholding through the 
Otsu method, thinning, smoothing, application of morphological oper-
ators, skeletonization, binary 昀椀ltering for Delaunay network re昀椀nement, 
and ultimately the detection of 昀椀ber network architecture and its 
descriptors. 

2.7. Raman spectroscopy 

MFPs were 昀椀xed in 10% neutral buffered formalin (NBF) for 24 h at 
4 çC and submerged in 30% sucrose (Sigma-Aldrich) for 48 h at 4 çC. The 
昀椀xed samples were then embedded in OCT and cut into 5 μm sections 
onto Raman grade CaF2 disks (Sigma-Aldrich). The Raman measure-
ments were taken with 5 s exposure time using a Renishaw inVia Raman 
microscope system with a 785 nm laser that delivered ~30 mW of 
power. A 100 × objective lens was used to focus a laser spot on the 
surface of samples. Raman spectra were analyzed by a custom MATLAB 
(R2019b) code to perform smoothing and biological 昀氀uorescent back-
ground subtraction. The spectra were 昀椀rst smoothed by using the 
Savitzky and Golay 昀椀lter with 昀椀fth order and coef昀椀cient value of 15. 
Modi昀椀ed polynomial 昀椀t method was then performed to remove the 
background 昀氀uorescence by using a 7th order polynomial with a 
threshold of 0.0001. Afterward, Raman spectra were normalized using 
min-max normalization method. Principal components analysis (PCA) 
was performed by using the MATLAB built-in “PCA” function. Two 
principal components were plotted to discriminate groups. 

2.8. Atomic force microscopy (AFM) 

MFPs or dECM hydrogels were cut into 1 mm × 1 mm x 1 mm pieces, 
and each specimen was immobilized on 22 mm × 22 mm coverslip with 

a thin layer of two-component fast drying epoxy glue (Devcon). All AFM 
indentations were performed using a Bruker inverted optical AFM and 
silicon nitride triangle cantilever with a 10 μm diameter borosilicate 
spherical tip (205 mm-long DNP-S10 triangular silicon nitride cantile-
vers, resonance frequency (air) f = 18 kHz, nominal cantilever spring 
constant k = 0.08 Nm, tip radius = 5 μm, Bruker). The exact spring 
constant (k) of the cantilever was determined before each experiment 
using the thermal tune method and the de昀氀ection sensitivity was 
determined in 昀氀uid using glass substrates as an in昀椀nitely stiff reference 
material. Force-distance (FD) measurements of excised tissues were 
performed in a 昀氀uid cell. Samples were indented with a calibrated force 
of 5 nN, and the Hertz model for spherical indenters was used to 
determine the elastic modulus of the tissues. 

2.9. Luminex multiplex immunoassay 

Conditioned media (CM) from GFP- and luciferase-labeled 4T1 cells 
cultured in dECM hydrogels was collected after 2 days incubation 
following centrifugation at 1100 rpm to remove cells. CM was 昀椀ltered 
through a 0.2 μm PVDF 昀椀lter (Whatman) and then stored at −80 çC until 
processed. Three replicates were collected independently. All samples 
were evaluated using a mouse 32-plex Affymetrix kit (Eve Technologies 
Corporation). Supplementary Table S1 lists all cytokines analyzed. 

2.10. Histological analysis and immuno昀氀uorescence (IF) 

MFPs were removed from 8 to 10-week-old female Nu/Nu mice and 
irradiated to a dose of 20 Gy ex vivo using a cesium source. After 48 h 
incubation at 37 çC in complete RPMI media, control and irradiated 
MFPs were 昀椀xed in 10% NBF for 48 h, paraf昀椀n-embedded, and sectioned 
(5 μm). For hematoxylin and eosin (H&E) staining (Sigma-Aldrich), 
standard procedures were followed, including deparaf昀椀nization, hy-
dration, staining with hematoxylin, and counterstaining with eosin. For 
Masson’s trichrome staining (Thermo Fisher Scienti昀椀c), sample prepa-
ration included deparaf昀椀nization, rehydration, staining with Weigert’s 
iron hematoxylin and Biebrich scarlet-acid fuchsin, differentiation in 
phosphomolybdic/phosphotungstic acid solution, and staining in ani-
line blue solution. Collagen area per 昀椀eld was quanti昀椀ed using Fiji. For 
IF staining, tissue sections (5 μm) were deparaf昀椀nized followed by an-
tigen retrieval using citrate buffer (10 mM, pH 6). After blocking in 10% 
goat serum, sections were incubated with primary antibodies, including 
anti-collagen I (1:200, Thermo Fisher Scienti昀椀c), anti-collagen IV 
(1:200, Thermo Fisher Scienti昀椀c), anti-collagen VI (1:200, Abcam) and 
anti-昀椀bronectin (1:400, Thermo Fisher Scienti昀椀c) overnight at 4 çC. 
Fluorescently labeled secondary antibodies (Alexa Fluor 488) were used 
to stain tissues for 1 h at room temperature followed by applying Sudan 
Black B (Acros Organics) to reduce auto昀氀uorescence. Sections were 
mounted using ProLong glass antifade mountant with NucBlue stain 
(Thermo Fisher Scienti昀椀c) and imaged using a 昀氀uorescence microscope. 
For F-actin staining, cells after 48 h incubation in dECM hydrogels were 
昀椀xed in 10% NBF for 10 min and washed with PBS. Cell membranes 
were permeabilized by 0.1% Triton X-100 in PBS for 5 min and washed 
with PBS. Cells were then incubated with phalloidin (Phalloidin-iFluor 
594, Abcam) for 1 h at room temperature and washed with PBS. For 
cortactin staining, cells after 昀椀xation and permeabilization by similar 
methods were blocked with 5% NGS in PBS for 1 h at room temperature. 
Cells were incubated with anti-cortactin (1:50, Novus Biologicals) pri-
mary antibody in 1% BSA/PBS overnight at 4 çC followed by three 
washes in PBS. Cells were then incubated with secondary antibodies 
(goat anti-rabbit IgG Alexa-Fluor 488; Thermo Fisher Scienti昀椀c) for 1 h 
at RT and washed with PBS. For Ki67 staining, 4T1s and BMDMs 
encapsulated in dECM hydrogels were 昀椀xed, permeabilized, and blocked 
followed by incubation with anti-Ki67 (1:200, Abcam) primary antibody 
in 1% BSA/PBS overnight at 4 çC followed by three washes in PBS. 
Encapsulated cells were then incubated with secondary antibodies (goat 
anti-rabbit IgG Alexa-Fluor 488 or 594; Thermo Fisher Scienti昀椀c) for 1 h 
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at room temperature and washed with PBS. Chambers were removed 
and mounted with ProLong glass antifade mounting media with NucBlue 
stain. Samples were imaged using 昀氀uorescence microscopy (Leica 
DMi8), and 昀氀uorescence intensity per 昀椀eld was quanti昀椀ed using Raw 
Integrated Density (RawIntDen) in Fiji. F-actin and cortactin colocali-
zation was determined by identifying the fraction of overlapping pixels 
for each 昀氀uorophore using MATLAB. 

2.11. Rheology 

500 μL pre-gel solution was added onto a rheometer plate (AR 
2000ex Rheometer), followed by lowering the arm (25 mm) to ensure 
complete 昀椀lling of the gap between the plate and the arm with pre-gel 
solution. A time sweep analysis of the pre-gel solution was conducted 
for a duration for 10 min following a 30 min incubation at 37 çC with 
0.5% applied strain and strain frequency of 0.1 Hz. The Young’s 
modulus (E) was determined using the following equation:  
E = 2G (1 + ν),                                                                                    

where ν is the Poisson’s ratio (0.5), and G is the bulk modulus deter-
mined by the sum of the storage (G′) and loss (G”) modulus [20]. 

2.12. Invasion assay 

A volume of 100 μL of both control and irradiated dECM hydrogels 
was individually introduced into transwell inserts (Corning, 0.4 μm pore 
size) and subsequently incubated at 37 çC for 30 min. 750 μL of complete 
RPMI media was then added into the bottom chamber, and 105 4T1 cells, 
suspended in 0.1% BSA in RPMI, were seeded onto either coated inva-
sion or uncoated control migration (8 μm pore) inserts. After a 24 h 
incubation period, cells that traversed the inserts or migrated through 
uncoated inserts were 昀椀xed in methanol, and inserts were mounted 
using Prolong glass antifade mounting media with NucBlue. Fluores-
cence images were taken, and the number of nuclei per 昀椀eld was 
quanti昀椀ed. The extent of invasion was determined by dividing the 
number of invading cells by the number of migrating cells. 

2.13. Proliferation assay 

5000 or 15,000 BMDMs were seeded into the dECM hydrogels at 
37 çC for 44 h, and alamarBlue Cell Viability Reagent (Thermo Fisher 
Scienti昀椀c) was added directly into each well. Plates were incubated at 
37 çC for an additional 4 h to allow cells to convert resazurin to resoru昀椀n 
to determine proliferation. Subsequentially, 昀氀uorescence (excitation: 
540 nm and emission: 585 nm) was measured by a Varioskan plate 
reader. 

2.14. Flow cytometry 

Cells were extracted from dECM hydrogels using a 2 mg/mL solution 
of collagenase II (Sigma) for 30 min at 37 çC. Subsequently, the cells 
were stained with the 昀椀xable Aqua stain (Thermo Fisher Scienti昀椀c). 
Simultaneously, FC receptors were blocked with CD16/32 (Biolegend), 
and cells were stained with surface markers for a duration of 20 min at 
4 çC. The panel of surface markers included F4/80 (PE, Biolegend), 
CD64 (PerCP-eFluor™ 710, Thermo Fisher Scienti昀椀c), CD86 
(eFluor™450 eBioscience™, Thermo Fisher Scienti昀椀c), IL4Rα (PE/ 
Cyanine7, Biolegend), and integrin β3 (APC, eBioscienceTM, Thermo 
Fisher Scienti昀椀c). Following staining, the cells were rinsed with PBS and 
昀椀xed with 10% NBF for 20 min at 4 çC. Intracellular staining was carried 
out using an intracellular permeabilization buffer (Thermo Fisher Sci-
enti昀椀c). Fixed cells underwent a 5 min rinse with PBS, followed by a 5 
min rinse with permeabilization buffer. Subsequently, they were incu-
bated with antibodies diluted in permeabilization buffer for a duration 
of 30 min at room temperature in the dark. Post-incubation, cells were 

rinsed with permeabilization buffer and resuspended in PBS. The 
intracellular marker of interest was CD206 (Alexa-Fluor 488, Bio-
legend). Flow cytometry was conducted on a four-laser Amnis Cell-
Stream machine (Luminex), and FlowJo software was used for data 
analysis. Compensation was achieved through the utilization of 
compensation beads (Thermo Fisher Scienti昀椀c). The following antibody 
clones were used for analysis: F4/80 (BM8), CD64 (X54-5/7.1), CD86 
(GL1), CD206 (C068C2), IL-4Rα (I015F8), Integrin β3 (2C9.G3). 

2.15. Patient data analysis 

We used The Cancer Genome Atlas (TCGA) to obtain patient mRNA 
expression. The TCGA TARGET GTEx study was accessed through the 
University of California Santa Cruz’s Xena platform (https://xenabrows 
er.net/) on May 3rd, 2022 to evaluate how gene expression of Col4A3BP 
and Col4A2-AS1 in the normal adjacent tissue of breast cancer patients 
correlated with patient outcome [21]. The Xena visualization tool was 
used to generate Kaplan-Meier curves (https://xenabrowser.net/, n =
113 patients). To investigate breast cancer patient gene expression, we 
accessed mRNA data from the TCGA cBioPortal (PanCancer dataset, n =
1082 patients) on May 10th, 2022 [22]. From these data, correlations 
between collagen, invadopodia, and secreted cytokine mRNA expression 
were determined. We also interrogated publicly available datasets 
though KMplotter (kmplot.com), which is a meta-analysis tool. Breast 
cancer patients were 昀椀ltered based on ER, PR, and HER2 positivity. 
TNBC patients (n = 126 patients) were used for analysis and strati昀椀ed 
based on high or low expression of C–C motif chemokine ligand (CCL2) 
with data reported as probability of survival. 

2.16. Statistical analysis 

In each experiment, obtained data are presented as the mean with 
standard deviation (SD). Differences among more than two groups were 
tested using one-way analysis of variance (ANOVA), and Student’s t- 
tests were performed to compare differences between two groups. p <
0.05 was considered signi昀椀cant. All analyses were performed using 
GraphPad Prism 9. 

3. Results 

3.1. Structure and composition of control and irradiated MFPs 

SEM images of control and irradiated MFPs revealed more ECM 昀椀-
bers covering irradiated adipose cells than unirradiated adipose cells as 
well as thinner and denser 昀椀bers after radiation (Fig. 1A–D). We sub-
sequently quanti昀椀ed ECM 昀椀ber network characteristics using 昀椀ber 
network analysis software to con昀椀rm our qualitative observations [19] 
(Fig. 1E–H). Collagen deposition was evaluated by the 昀椀ber covered area 
ratio parameter, which increased signi昀椀cantly after radiation (p < 0.01) 
(Fig. 1E). Visual inspection of the algorithm output showed accurate 
automatic detection of the 昀椀ber network for MFPs (Supplementary 
Fig. S1A). Both 昀椀ber diameter and pore size decreased signi昀椀cantly in 
irradiated MFPs (p < 0.05) (Fig. 1F–G). The node density of irradiated 
MFPs also increased signi昀椀cantly (Fig. 1H). However, the porosity and 
orientation index showed no signi昀椀cant changes between control and 
irradiated samples (Supplementary Fig. S1B-C). 

We then used Raman spectroscopy to evaluate the biochemical 
composition changes following MFP irradiation (Supplementary 
Fig. S2A). The peaks at 1300 cm−1 are from lipids, which are responsible 
for vibrations of -(CH2)n-in-plane twist and fatty acids [23,24]. The peak 
at 1265 cm−1 is generally assigned to proteins (Amide III), and collagen 
is a major contributor of the vibrational motion. The 1650 cm−1 area is a 
broad peak with multiple contributions, including proteins and Amide I 
[25,26]. Taken together, these peaks have a strong likelihood of being 
contributed by collagen in tissues [25–30]. Supplementary Figs. S2B-C 
show that collagen/lipid ratios (both amide I/lipid and amide III/lipid) 
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increased signi昀椀cantly in MFPs (p < 0.01) after RT, con昀椀rming the in-
crease in ECM deposition observed in SEM images. In an effort to 
elucidate the biochemical changes between irradiated and control 
samples, we used PCA to simplify the complexity of high-dimensional 

data while retaining relevant information necessary for classi昀椀cation 
[31–33]. In a two-dimensional PC scatter plot, the 昀椀rst principal 
component (PC1) and the second principal component (PC2) showed a 
clear separation between the control and irradiated groups with a 

Fig. 1. Structure of control and irradiated MFPs by SEM and 昀椀ber network analysis. SEM images of unirradiated control (0 Gy) (A) and ex vivo irradiated (20 
Gy) (B) MFPs from Nu/Nu mice (n = 10 mice) at 1,000x, and control (C) and irradiated (D) MFPs at 20,000x magni昀椀cation. SEM images were analyzed using an 
automated 昀椀ber tracking algorithm to determine the 昀椀ber covered area ratio (E), average 昀椀ber diameter (F), pore size (G), and node density (H). Statistical sig-
ni昀椀cance was determined by Student’s t-test with *p < 0.05 and ***p < 0.001. Error bars show standard deviation. 

Fig. 2. MFP irradiation enhances tissue stiffness and ECM deposition. (A) Stiffness distribution of control and ex vivo irradiated (20 Gy) MFPs from Nu/Nu mice 
(n = 4 mice). (B) AFM analysis of the Young’s modulus of control and ex vivo irradiated MFPs using the Hertz model. (C) Kaplan-Meier curves for patients with low 
versus high mRNA expression of Col4A3BP and Col4A2-AS1 (n = 113 patients) in the breast tumor-adjacent normal tissue from the TCGA database. Immuno昀氀uo-
rescence (IF) was performed to detect collagen I (Col I), collagen IV (Col IV), collagen VI (Col VI), and 昀椀bronectin (FN) in MFPs, and representative images and the 
corresponding quanti昀椀cation of 昀氀uorescence intensity is shown in (D). Scale bars are 100 μm. Statistical signi昀椀cance was determined by Student’s t-test with *p <
0.05 and **p < 0.01. Error bars show standard deviation. 
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variance level of 29.36% for PC1 and 9.66% for PC2, again con昀椀rming 
compositional changes induced by RT (Supplementary Fig. S2D). 
Normalized Raman spectra peak analysis validated this difference, 
especially for the collagen peaks (Supplementary Table S2). 

3.2. Mechanical properties and ECM component analysis 

SEM images and Raman spectroscopy results indicated that ECM 
deposition was enhanced in irradiated MFPs. To characterize the impact 
of increased ECM 昀椀bers on tissue biomechanical properties, AFM was 
used to determine the stiffness of MFPs. FD measurements (Supple-
mentary Fig. S3) were taken to determine Young’s moduli [34]. The 
range of elastic moduli for control and irradiated breast tissue is shown 
in Fig. 2A and B. The histogram of stiffness values from control MFPs 
reveals a bimodal stiffness distribution with two prominent peaks at 0.2 

kPa (‘peak 1’) and 0.6 kPa (‘peak 2’) (Fig. 2A). In comparison, irradiated 
MFPs exhibit a bimodal stiffness distribution with two prominent peaks 
at 0.4 kPa (‘peak 1’) and 1 kPa (‘peak 2’). At values higher than 2 kPa, a 
broadening in the distribution indicates a marked mechanical hetero-
geneity across the sample. The average Young’s modulus for irradiated 
MFPs was 2.4-fold greater than control MFPs (Fig. 2B). 

To determine how ECM components in normal breast tissue impact 
patient outcomes, we obtained mRNA expression data from the normal 
adjacent tissue of patients with breast cancer from TCGA datasets. We 
found that high mRNA expression of collagen type IV alpha-3-binding 
protein (Col4A3BP) and collagen type IV alpha-2 antisense RNA 1 
(Col4A2-AS1) were correlated with poor overall survival (Fig. 2C). 
Col4A3BP phosphorylates the non-collagenous domain of the α3 chain of 
collagen IV and is associated with epithelial-to-mesenchymal transition 
and mesh-like collagen IV formation [35] while Col4A2-AS1 is a long 

Fig. 3. Characterization of dECM hydrogels from Nu/Nu mice. (A) H&E, Masson’s trichrome, perilipin (red), and nuclear (blue) staining of pre- and post- 
decellularized control MFPs con昀椀rmed decellularization and delipidation. Scale bars are 100 μm. SEM images of control and irradiated dECM hydrogels at 
20,000x magni昀椀cation (B), and the average 昀椀ber diameter, node density, pore size, and mechanical properties determined by AFM were evaluated (C). (D) Time 
sweep rheology analysis is shown for the storage (G′) and loss modulus (G″) of control and irradiated dECM hydrogels. (E) Young’s moduli were quanti昀椀ed for control 
and irradiated dECM hydrogels from rheology analysis. Statistical signi昀椀cance was determined by Student’s t-test with *p < 0.05 and **p < 0.01 (n = 4 biological 
replicates). Error bars show standard deviation. (For interpretation of the references to colour in this 昀椀gure legend, the reader is referred to the Web version of 
this article.) 
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non-coding RNA for collagen IV α2 that is associated with the growth 
and metastasis of breast cancer cells [36]. These associations led us to 
investigate speci昀椀c changes in ECM components in irradiated breast 
tissue. IF staining showed that collagen I, collagen IV, collagen VI, and 
昀椀bronectin (FN) expression were increased in irradiated murine breast 
tissue (Fig. 2D). Masson’s trichrome staining con昀椀rmed an increase in 
overall collagen in irradiated MFPs (Supplementary Fig. S4). These data 
illustrate that RT modulates the expression of ECM subcomponents and 
leads to changes in ECM deposition and stiffness, which may in昀氀uence 
tumor behavior and negatively impact patient survival in breast cancer. 

3.3. dECM hydrogels 

MFP decellularization: Motivated by the RT-induced increase in ECM 
deposition that may provide a platform for cell adhesion and invasion, 
we next utilized a decellularization technique to extract ECM, develop 
dECM hydrogels, and encapsulate cells to observe their behavior. We 

used an immunode昀椀cient model to replicate in vivo conditions relevant 
to recurrence [6]. Murine MFPs were decellularized by a series of me-
chanical, chemical, and enzymatic methods [15]. The 昀椀nal volume of 
decellularized MFPs was 10–20% of the original adipose tissue. H&E 
staining con昀椀rmed the removal of cell nuclei while preserving ECM 
proteins following decellularization (Fig. 3A, Supplementary Fig. S5). 
We also veri昀椀ed the retention of ECM using Masson’s trichrome staining 
as well as lipid removal using perilipin staining. IF staining showed that 
decellularization of MFPs retained post-RT trends in collagen I, collagen 
IV, collagen VI, and FN expression (Supplementary Fig. S6). The above 
results indicate that the extracellular components were preserved while 
the cells and lipids were removed from decellularized MFPs. 

dECM hydrogel characterization: To evaluate the structural and stiff-
ness characteristics of control and irradiated dECM hydrogels, SEM and 
AFM were performed. SEM was utilized to determine the architecture of 
dECM hydrogels without cell encapsulation (Fig. 3B). Automatic 昀椀ber 
quanti昀椀cation of SEM images showed the parameters of 昀椀ber diameter, 

Fig. 4. The irradiated microenvironment promotes tumor cell proliferation and invasion and worse outcomes in TNBC patients. (A) Schematic of exper-
imental work昀氀ow. (B) Fluorescence images of GFP- and luciferase-labeled 4T1 cells in dECM hydrogels from Nu/Nu mice (n = 3 for each condition) and biolu-
minescence imaging quanti昀椀cation. Scale bars are 100 μm. (C) Representative nuclei images of invading 4T1 cells and quanti昀椀cation in control and irradiated dECM 
hydrogels. Scale bars are 100 μm. (D) Staining of F-actin (red), cortactin (green), nuclei (blue) and merged images for 4T1 cells embedded in control and ex vivo 
irradiated dECM hydrogels for 48 h. Scale bars are 50 μm (E) Cellular elongation index and form factor based on F-actin staining and cortactin/F-actin colocalization 
as determined by fractional pixel overlap were analyzed (n = 3 biological replicates). (F) A Luminex multiplex immunoassay was performed to determine the secreted 
cytokine pro昀椀le of CM from 4T1 cells cultured in irradiated dECM hydrogels (n = 3). Data presented is mean 昀氀uorescence intensity (MFI) fold change compared to 
cytokine secretion from 4T1 cells cultured in control dECM hydrogels. Only factors with a 1.5-fold or greater increase in MFI are shown. Supplementary Table S1 
de昀椀nes abbreviations. Correlation of Col4A4 and CCL2 mRNA expression (G), Col4A4 and IL6 mRNA expression (H), and WIPF1 and IL6 mRNA expression (I) from 
TCGA analysis (PanCancer dataset) in 1082 patients with breast tumors. Pearson correlation shown. (J) Kaplan-Meier curves of TNBC patients (n = 126 patients) with 
low versus high mRNA expression of CCL2 from KMplotter. Statistical signi昀椀cance was determined by Student’s t-test with* p < 0.05, **p < 0.01 and ***p < 0.001. 
Error bars show standard deviation. (For interpretation of the references to colour in this 昀椀gure legend, the reader is referred to the Web version of this article.) 
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node density, and pore size were altered in irradiated dECM hydrogels 
(Fig. 3C), which parallels the changes observed in irradiated MFPs. 
These differences are likely due to the varying collagen concentration 
post-RT [37,38]. Furthermore, AFM measurements showed that irradi-
ated dECM hydrogel stiffness was 2-fold higher than those for control 
dECM hydrogels. We also employed rheology to determine the me-
chanical properties of dECM hydrogels. The storage modulus (G′) and 
loss modulus (G″) of dECM hydrogels derived from RT-treated mice 
exhibited a notable increase (Fig. 3D), and a 2-fold increase in the 
Young’s modulus of irradiated dECM hydrogels was again observed 
(Fig. 3E). Together, these data demonstrate the integrity of ECM after 
decellularization and that the changes in dECM hydrogels between 
control and irradiated samples are consistent in control and irradiated 
MFPs. 

3.4. Proliferation and invasion of breast cancer cells in dECM hydrogels 

We encapsulated 4T1 murine TNBC cells in control and irradiated 
dECM hydrogels and evaluated their response after 48 h (Fig. 4A). A 
Live/Dead viability assay showed that dECM hydrogels are not cytotoxic 
to 4T1 cells (Supplementary Fig. S7A-C). Additionally, IF and biolumi-
nescence imaging were used to quantify the proliferation of GFP- and 
luciferase-labeled 4T1 cells in dECM hydrogels (Fig. 4B). 4T1 cell pro-
liferation increased signi昀椀cantly in irradiated dECM hydrogels 
compared to unirradiated controls (p < 0.05). MDA-MB-231 human 
TNBC cells also showed enhanced proliferation in the irradiated 
microenvironment (Supplementary Fig. S8A-C), suggesting that irradi-
ated dECM hydrogels promote tumor cell proliferation. To investigate 
the impact of the irradiated microenvironment on 4T1 invasiveness, we 
conducted a modi昀椀ed transwell invasion assay. We found that 4T1 cells 
encapsulated in irradiated dECM hydrogels displayed signi昀椀cantly 
increased invasion when compared with cells interacting with control 
dECM hydrogels (Fig. 4C). 

To verify the upregulated invasion of TNBC cells, we further visu-
alized the cytoskeletal properties of 4T1 cells embedded in the dECM 
hydrogels. The driving force for cancer invasion into their surrounding 
microenvironment as well as numerous cellular physical processes is 
through localized actin 昀椀laments [39–42]. Therefore, we stained for 
F-actin using phalloidin, and cellular morphology was quanti昀椀ed in the 
irradiated dECM hydrogels (Fig. 4D–E). Elongation index and form 
factor can be used as measures of cell morphology, where high elon-
gation index and low form factor indicate higher invasiveness [43,44]. 
Cells in the irradiated group increased their elongation index (p < 0.05) 
and reduced their form factor signi昀椀cantly (p < 0.05), suggesting cell 
invasiveness increases in the irradiated microenvironment. We also 
examined invadopodia, which are protrusive structures that can 
remodel the ECM and facilitate invasive migration [45–47]. The coloc-
alization of F-actin and cortactin are considered reliable indicators for 
invadopodia [48]. F-actin and cortactin colocalization revealed signi昀椀-
cantly more invadopodia in 4T1 cells encapsulated within irradiated 
hydrogels (p < 0.05), indicating a higher invasive capacity of 4T1 cells 
in昀氀uenced by an irradiated microenvironment (Fig. 4D–E) and con-
昀椀rming the transwell assay result. Tyrosine kinase substrate 4 (TKS4) 
and WASP interacting protein (WIP) are key molecular components that 
modulate invadopodia extension [49]. Clinical data from TCGA showed 
an association between the gene expression of collagen subtypes IV and 
VI and TKS4 (SH3PXD2B) or WIP (WIPF) in patients with breast cancer 
(Supplementary Fig. S9A-B), indicating high invadopodia formation 
may be the result of increased microenvironmental collagen expression. 

We next collected CM from 4T1 cells encapsulated in the dECM 
hydrogels and analyzed cytokine secretion using a Luminex multiplex 
immunoassay. Factors with a 1.5-fold or greater increase in mean 昀氀uo-
rescence intensity (MFI) are shown (Fig. 4F), with granulocyte macro-
phage colony-stimulating factor (GM-CSF), CCL2, and interleukin 6 (IL- 
6) having the highest expression. These cytokines are associated with an 
increase in tumor cell invasiveness [50,51]. To understand the 

relationship between ECM components, invadopodia, and cytokine 
secretion in a broader clinical context, TCGA analysis revealed a cor-
relation between Col4A4 and CCL2 mRNA expression (Fig. 4G). We also 
found a correlation between Col4A4 and IL6 expression (Fig. 4H), 
indicating the increased collagen IV levels in breast tissue after RT may 
elevate the secretion of cytokines in tumor cells. Further analysis of the 
TCGA PanCancer dataset showed WIPF1 was associated with CCL2 
mRNA expression (Fig. 4I). This clinical data suggests a link between 
increased collagen IV deposition in the tumor microenvironment, 
invadopodia regulation, and CCL2 expression, which mirrors our 昀椀nd-
ings that tumor cell cytokine secretion is enhanced in response to the 
increase in collagen IV after RT. To investigate the link between CCL2 
secretion and patient outcomes in TNBC, we utilized publicly available 
datasets through KMplotter. Among TNBC patients, high CCL2 expres-
sion was associated with poor patient survival (Fig. 4J). These data 
indicate that RT-induced collagen IV deposition may lead to elevated 
levels of CCL2 in recruited tumor cells, ultimately decreasing patient 
survival. 

3.5. Enhanced tumor proliferation and M2 polarization by 4T1 cell and 
BMDM interactions in dECM hydrogels 

Both GM-CSF and CCL2 expression are associated with macrophage 
in昀椀ltration [52], and GM-CSF has speci昀椀cally been implicated in 
post-RT macrophage and circulating tumor cell in昀椀ltration [5,6]. Mac-
rophages are notably abundant in tumors and ful昀椀ll crucial roles at 
various stages of tumor progression [53]. We therefore evaluated how 
macrophages behave in irradiated dECM hydrogels and how they 
interact with tumor cells. We isolated BMDMs from Nu/Nu mouse fe-
murs and seeded them in dECM hydrogels for 48 h Ki67 staining showed 
that BMDMs increased their proliferation in the irradiated microenvi-
ronment (Fig. 5A–B). This increased BMDM proliferation was also 
con昀椀rmed using an alamarBlue assay (Supplementary Fig. S10A-B). We 
then co-cultured GFP-labeled 4T1 cells and BMDMs stained with Cell-
Trace Far Red to evaluate differences in their interactions within irra-
diated and unirradiated microenvironments. Fluorescence images and 
bioluminescence measurements demonstrated an increase in 4T1 cell 
proliferation when co-cultured with macrophages in the irradiated 
hydrogels after 48 h (Supplementary Fig. S10C), which was con昀椀rmed 
by Ki67 staining (Fig. 5C–E). Notably, this increased proliferation is 
2-fold higher when compared to the proliferation of 4T1 cells cultured 
alone (Fig. 4B), suggesting that macrophages further promote tumor cell 
proliferation in irradiated microenvironments. BMDMs also exhibited 
increased proliferation in the irradiated microenvironment when 
co-cultured with 4T1 cells (Fig. 5C–E). 

Macrophages have the capacity to adopt distinct functional pheno-
types, known as M1 and M2 macrophages [54]. M1-like macrophages 
are characterized as pro-in昀氀ammatory cells responsible for eliminating 
cancer cells, whereas M2-like macrophages are anti-in昀氀ammatory cells 
that foster tumor growth, promote metastasis, facilitate tissue remod-
eling, and induce immunosuppression [54–56]. We sought to investigate 
macrophage phenotype shifts in dECM hydrogels. We characterized the 
phenotypes of F4/80+ macrophages as follows: macrophages exhibiting 
elevated levels of CD86 and CD64 were classi昀椀ed as pro-in昀氀ammatory 
M1 macrophages while those displaying increased expression of IL4Rα 

and CD206 were categorized as anti-in昀氀ammatory M2 macrophages 
(Supplementary Fig. S11A-C). Integrin β3 is a cell surface receptor 
protein that plays an important role in cell-cell adhesion, cell-ECM in-
teractions, and cell signaling [57]. The recruitment of macrophages is 
partially regulated by integrin β3, and the expression of integrin β3 on 
the surface of macrophages is associated M2 polarization [58–60]. Flow 
cytometry analysis revealed that there were no statistically signi昀椀cant 
differences in the expression levels of M1 and M2 markers among 
BMDMs cultured alone in both control and irradiated dECM hydrogels 
(Fig. 5G). However, the BMDM phenotype shifted signi昀椀cantly toward 
an M2 phenotype with upregulated integrin β3 expression when 
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Fig. 5. Tumor-macrophage interactions promote tumor cell proliferation and M2 macrophage polarization in irradiated dECM hydrogels. (A) Fluorescence 
images of Ki67 positive (green) BMDMs in control and irradiated dECM hydrogels with the corresponding quanti昀椀cation in (B). Nuclei are stained blue. (C) 
Representative images of Ki67 staining (purple) in co-cultures of GFP-labeled 4T1 cells (green) and BMDMs (red) stained with CellTrace Far Red in control and 
irradiated dECM hydrogels. White arrows indicate positive Ki67 staining. The percentage of Ki67 positive cells (D) and cell number per 昀椀eld (E) for 4T1 cells and 
BMDMs were quanti昀椀ed. All cell proliferation studies were conducted after 48 h. Flow cytometry analysis (F) and quanti昀椀cation (G) of M1 markers (CD64/CD86), M2 
markers (IL4R/CD206), and integrin β3 of F4/80+ BMDMs cultured alone in control and irradiated dECM hydrogels. Flow cytometry characterization (H) and 
quanti昀椀cation (I) of F4/80+ BMDMs co-cultured with 4T1 cells in control and irradiated dECM hydrogels. Scale bars are 50 μm. Statistical signi昀椀cance was 
determined by Student’s t-test with *p < 0.05, **p < 0.01, and ***p < 0.01. Error bars show the mean with standard deviation. (For interpretation of the references 
to colour in this 昀椀gure legend, the reader is referred to the Web version of this article.) 
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co-cultured with 4T1 cells in the irradiated dECM hydrogels (Fig. 5H, 
Supplementary Fig. S11D). We propose that the increase in stiffness in 
the irradiated microenvironment directly in昀氀uences tumor-macrophage 
interactions to promote M2 macrophage polarization and tumor cell 
proliferation and invasion (Fig. 6). 

4. Discussion 

The high incidence of local recurrence following RT is associated 
with poor overall survival in TNBC patients, and previous work suggests 
a link between radiation damage and TNBC recurrence in immuno-
compromised patients and mouse models [6,61]. Understanding how 
irradiation modulates the microenvironment is necessary for evaluating 
drivers of recurrence. We 昀椀rst analyzed structural and compositional 
alterations of irradiated breast tissue and showed more ECM deposition, 
reduced 昀椀ber diameter and pore size, and increased stiffness following 
irradiation. We determined that collagen IV-associated changes in 
normal tissues predicted worse outcomes in breast cancer patients, and 
we con昀椀rmed an increase in multiple ECM components, including 
collagen IV, in MFPs post-RT. As physicochemical cues dictated by 
changes in ECM deposition modulate numerous biological functions, we 
developed dECM hydrogels as models of the irradiated microenviron-
ment to determine the impact of RT-induced ECM changes on tumor cell 
behavior. We showed that normal tissue radiation damage leads to an 
environment favorable for TNBC recurrence and M2 phenotype polari-
zation. Our study is the 昀椀rst to recapitulate the irradiated ECM micro-
environment, and this model can be used as a platform for studying 
radiation response and recurrence mechanisms. 

The recruitment and transformation of 昀椀broblasts results in dysre-
gulated ECM remodeling after immune cell in昀椀ltration to injured sites, 

and prolonged ECM remodeling can contribute to the development of 
昀椀brosis [9,62–64]. The ECM in injured tissue is usually denser and 
mechanically stiffer than normal ECM, and the physical characteristics 
of the newly deposited 昀椀bers are critical in affecting how cells sense 
their microenvironment [65–67]. These 昀椀ndings are consistent with our 
SEM results showing excess ECM deposition and denser and thinner 
ECM 昀椀bers in irradiated samples, and our AFM and rheology studies 
con昀椀rmed an increase in tissue stiffness due to the altered ECM post-RT. 
The stiffness range of human breast tissue is approximately 0.5–1 kPa 
[68], which is in the range of our 昀椀ndings. RT may activate 昀椀broblasts, 
recognized as stromal regulators, which in turn play a pivotal role in 
ECM modi昀椀cation [9,69–71]. Notably, the thinner 昀椀bers and enhanced 
mechanical properties observed could be linked to increased aberrant 
ECM deposition post-RT [72–74]. Recent studies also showed that 
increased ECM cross-linking induced by high levels of lysyl oxidases may 
elevate tissue stiffness [69,75,76]. Accordingly, increased tissue stiffness 
is in昀氀uenced by ECM component synthesis, assembly, and cross-linking 
in the irradiated microenvironment, which has the potential to impact 
tumor progression. 

Changes in ECM density and stiffness are not just attributed to 昀椀ber 
size but are also impacted by the molecular makeup of the matrix [66]. 
Approximately 300 proteins present in the ECM have been reported to 
mediate cellular behaviors and tissue development, and collagen is the 
major 昀椀brous protein which constitutes up to 90% of the ECM [77]. 28 
types of collagen have been described [78], and collagens I, IV, and VI 
are the most relevant subtypes of collagens in the microenvironment of 
mammary tissue. A major function of collagens I, IV, and VI is to provide 
structural support for cells and enrich the cell surface with growth fac-
tors and cytokines that are important in tumor progression. Increased 
collagen IV after chemotherapy has been shown to drive TNBC cell 

Fig. 6. Model of pro-tumor ECM changes driven by radiation in the breast microenvironment. Radiation-induced ECM changes promote tumor-macrophage 
interactions that enhance tumor cell invasion and proliferation linked to immunosuppressive M2 macrophage polarization. 
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invasion [79]. Collagen VI is secreted by adipocytes and is known to 
regulate breast tumor development and facilitate TNBC cell migration 
[80,81]. In addition to collagens, other prominent 昀椀brous proteins 
including elastins, 昀椀bronectins, and laminins are related to cellular dy-
namics [82]. Fibronectins are crucial for attaching cells to matrix and 
guiding cell migration and have been reported to be upregulated in the 
RT-induced 昀椀brosis process [83]. Radiation damage is known to alter 
the expression of ECM components in addition to ECM modifying en-
zymes [84–86], which agrees with our results showing an increase in 
ECM component expression and remodeling in irradiated MFPs. We also 
showed that changes in collagen deposition may provide more tensile 
strength and support tumor cell retention and invasion through direct 
structural changes and cell-ECM contact. 

Variations in ECM density, composition, and stiffness have been 
correlated with tumor progression and recurrence [82]. In this study, we 
aimed to isolate the speci昀椀c impact of post-RT changes in ECM on tumor 
and immune cell behavior while replicating in vivo conditions through 
the development of irradiated mammary tissue-derived dECM hydro-
gels. Collagen- and Matrigel-based hydrogels have been widely used to 
study cell behavior, but they have limitations due to the absence of 
native tissue structure or site-speci昀椀c bioactive molecules such as 
exogenous growth factors and peptides [87,88]. The advantages of 
component integrity and biologically active constituent matrix mole-
cules make dECM hydrogels a promising method to mimic the irradiated 
microenvironment [89]. Our results con昀椀rm the preservation of ECM 
components following the decellularization process to form hydrogels. 
dECM hydrogels have been previously fabricated from various tissue 
sources, including adipose tissue [13,90], liver [91], lung [92], dermis, 
and urinary bladder [12], with hydrogel mechanical properties ranging 
from 0.1 to 40 kPa [12,93], consistent with our results. The pore size, 
昀椀ber density, and 昀椀ber orientation in dECM hydrogels have previously 
been demonstrated to lead to variations in mechanical properties [94, 
95]. Dermal dECM hydrogels have a higher 昀椀ber node density than 
urinary bladder dECM hydrogels and a higher storage modulus, indi-
cating a link between 昀椀ber node density and mechanical strength [96]. 
Our SEM images and 昀椀ber analysis showed that 昀椀bers in irradiated 
dECM hydrogels were denser compared to unirradiated dECM hydro-
gels, which correlated to increased stiffness. Changes in ECM stiffness 
are known to impact cell motility [97], and we observed that the 
increased stiffness in dECM hydrogels after radiation had a profound 
effect on tumor cell invadopodia formation and cellular morphology 
indicative of increased invasiveness. Tissue-speci昀椀c ECM has also been 
shown to in昀氀uence tumor cell growth [98] directly through engagement 
with integrins [99], and we found that tumor cell proliferation increased 
when encapsulated within irradiated dECM hydrogels. We determined 
that breast cancer cell interactions with the irradiated ECM promote a 
pro-tumor microenvironment through increased proliferation and in-
vasion, which builds on previous 昀椀ndings linking the recruitment of 
tumor cells to irradiated sites to recurrence under immunocompromised 
conditions [6]. 

Immune cells are recruited to RT-damaged sites by in昀氀ammatory 
mediators and secrete pro昀椀brotic cytokines such as tumor necrosis fac-
tor alpha, IL-13, and transforming growth factor-β during 昀椀brosis [9]. 
Macrophages are known to in昀椀ltrate irradiated normal tissue [100], and 
the presence of in昀氀ammatory macrophages has been correlated to 
recurrence and poor overall survival in breast cancer patients [101]. 
Tumor-associated macrophages (TAMs) initially exhibit an M1-like 
phenotype during the early stages of tumor progression while predom-
inantly shifting toward to M2-like phenotype during tumor growth 
[54–56]. The M2 macrophage phenotype is well recognized to support 
cancer metastasis by mediating genes involved in immunosuppression, 
cytoskeletal remodeling, and angiogenesis [54,102]. For example, M2a 
and M2c macrophages promote lung cancer proliferation and invasion. 
However, M1 macrophages suppress lung tumor growth [103]. Addi-
tionally, clinical data has shown higher in昀椀ltration of TAMs, especially 
with an M2 phenotype, is associated with worse overall patient survival 

in multiple cancer types, including breast, lung, and bladder cancer 
[103–106]. Previous literature also indicates that in昀椀ltrating macro-
phages polarize to an M2 phenotype in irradiated breast tissue and 
contribute to tumor recurrence [6,7]. We did not model macrophage 
recruitment in this study but instead showed that the irradiated micro-
environment supports macrophage growth. Interestingly, we found that 
macrophages shifted toward an M2 phenotype in irradiated dECM 
hydrogels when they interacted with 4T1 cells, and this interaction also 
increased 4T1 proliferation. Although increases in tumor cell prolifer-
ation occurred without macrophages in irradiated dECM hydrogels, the 
extent of cancer cell proliferation was greater during co-culture with 
macrophages. This suggests that the irradiated ECM in昀氀uences 
tumor-immune cell interactions and stimulates the macrophage 
phenotype transition to create an immunosuppressive, pro-tumor, and 
pro-recurrent niche. This agrees with previous in vivo 昀椀ndings showing 
that excess macrophage in昀椀ltration attracts circulating tumor cells and 
indicates that cross-talk with immune cells plays a pivotal role in tumor 
cell survival in irradiated tissues [5,6,107]. 

In our study, we also found that high expression of M2 markers was 
accompanied by elevated levels of integrin β3, which mediates cell-cell 
adhesion, cell-ECM interactions, and intracellular signaling pathways 
[58,108]. The abnormal expression of numerous integrins is reported to 
regulate cell-ECM interactions and facilitate malignant progression in 
breast cancer patients [58,109]. Additionally, recent studies show that 
stiff ECM cooperates with integrin β3 to promote ErbB2-dependent 
breast cancer progression by elevated IR/AKT/mTORC1 signaling, 
suggesting altered integrin β3 in response to tissue stiffness [110]. Pre-
vious work has also shown that M2 polarization is dependent on integrin 
β3 through the PPARγ pathway [59]. Together, we propose a potential 
underlying mechanism that tumor-macrophage interactions stimulate 
the activation of integrin β3 and enhance M2 polarization in stiffer ECM 
induced by RT, and M2 macrophages subsequently increase tumor cell 
proliferation. 

Overall, we developed a mammary-derived dECM hydrogel to model 
the normal tissue radiation response, which will lead to the discovery of 
novel targets for reducing TNBC recurrence and increasing breast cancer 
patient survival following therapy. We replicated in vivo conditions 
using dECM hydrogels to study the in昀氀uence of the irradiated breast 
tissue on TNBC and immune cell behavior. A limitation of our work is 
that the tissue explanation process may lead to cell death, which could 
in昀氀uence post-irradiation outcomes. However, this ex vivo model is 
necessary for analyzing the direct effect of radiation on changes in the 
ECM within mammary tissue as opposed to in vivo irradiation where cell 
in昀椀ltration may further alter ECM remodeling. In addition, post-RT 
breast biopsies are not part of the standard of care for TNBC patients, 
and thus ex vivo irradiation provides a valuable point of comparison with 
any patient samples that may be evaluated. Future studies will deter-
mine the impact of in vivo RT in mice on ECM-linked TNBC recurrence. 

5. Conclusions 

We demonstrated that dECM hydrogels are an effective tool to study 
the normal tissue radiation response. ECM structural and compositional 
changes induced by radiation facilitated a pro-tumor niche through 
increased tumor cell proliferation and invasion. In addition, we showed 
that the irradiated microenvironment enhanced immunosuppressive M2 
macrophage polarization that further stimulated TNBC cell prolifera-
tion, which may drive TNBC recurrence following therapy. 
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