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Abstract

Metastatic tumor cells colonize the pre-metastatic niche, which is a complex microenvironment 

consisting partially of extracellular matrix (ECM) proteins. We sought to identify and validate 

novel contributors to tumor cell colonization using ECM coated poly(ε-caprolactone) (PCL) 

scaffolds as mimics of the pre-metastatic niche. Utilizing orthotopic breast cancer mouse models, 

fibronectin and collagen IV-coated scaffolds implanted in the subcutaneous space captured 

colonizing tumor cells, showing a greater than 2-fold increase in tumor cell accumulation at the 

implant site compared to uncoated scaffolds. As a strategy to identify additional ECM 

colonization contributors, decellularized matrix (DCM) from lungs and livers containing 

metastatic tumors were characterized. In vitro, metastatic cell adhesion was increased on DCM 

coatings from diseased organs relative to healthy DCM. Furthermore, in vivo implantations of 

diseased DCM-coated scaffolds had increased tumor cell colonization relative to healthy DCM 

coatings. Mass-spectrometry proteomics was performed on healthy and diseased DCM to identify 
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candidates associated with colonization. Myeloperoxidase was identified as abundantly present in 

diseased organs and validated as a contributor to colonization using myeloperoxidase-coated 

scaffold implants. This work identified novel ECM proteins associated with colonization using 

decellularization and proteomics techniques and validated candidates using a scaffold to mimic the 

pre-metastatic niche.
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1. INTRODUCTION

The likelihood of patient survival significantly decreases with the spread of metastatic tumor 

cells from the primary tumor to distant organs. The process of spreading to distant organs is 

not random but predetermined, as indicated by Paget’s “seed and soil” hypothesis [1]. In 

breast cancer, metastatic tumor cells tend to colonize the liver, lung, brain, and bone [2]. 

This targeting of specific organs implies that metastatic cells have a proclivity for specific 

microenvironments. These microenvironments – termed pre-metastatic niches – are formed 

to prime the target organ for tumor cell colonization and provide a initial site for tumor cell 

growth [3,4]. A myriad of factors promotes tumor cell colonization at pre-metastatic niche 

sites, including interactions with tumor-associated neutrophils [5], chemoattractants [6], 

immune cell secreted factors due to hypoxic stress at the site [7], integrin interactions with 

the surrounding matrix [8], and the mechanical topography and stiffness of the niche 

microenvironment [9]. As the local organ microenvironment is remodeled to become 

permissive for tumor cell arrival, tumor cells undergo genetic and epigenetic alterations at 

the niche to allow for organ-specific metastasis [10–12]. Since the environment is 

permissive to metastatic cell colonization, identifying the specific components of the niche 

may provide strategic targets to block the spread of metastatic cells.

Aberrant accumulations of extracellular matrix (ECM) proteins in organs contribute to the 

establishment of a pre-metastatic niche, which are critical for organ-specific metastasis. The 

adhesion of circulating tumor cells to the remodeled ECM at the pre-metastatic niche can 

transition tumor cells to a proliferative state [13]. Changes in the ECM composition of the 

niche during metastatic progression include the excess production of fibronectin [4] and 

collagen IV [14]. ECM remodeling is mediated in part by immune cells that localize to 

target organs, and ultimately promote the recruitment of metastatic cells to the site [15]. 

Additionally, tumor supportive fibroblasts present at the niche are also known to deposit 

matrix proteins that prepare the site for tumor cell arrival [4]. Each component of the pre-

metastatic niche contributes to the generation of a complex, permissive ECM 

microenvironment for tumor cell colonization. While fibronectin and collagen IV have been 

identified in the niche previously, additional proteins are expected to contribute to the 

inherent complexity of this microenvironment.

In this report, we characterized the matrix composition of target organs containing 

metastatic tumors and validated ECM proteins that contribute to colonization of metastatic 
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cells using biomaterial mimics of the pre-metastatic niche. Using orthotopic mouse models 

of breast cancer, we isolated and decellularized lungs and livers from diseased mice to 

generate functional decellularized matrix (DCM) protein coatings that promote tumor cell 

adhesion in vitro. ECM and DCM coatings were also coated onto porous poly(ε-

caprolactone) (PCL) scaffolds that were implanted in tumor-bearing mice to evaluate the 

role of ECM and organ DCM in metastatic cell colonization to a synthetic site in vivo. Using 

proteomics, we characterized the DCM from diseased lungs and livers relative to healthy 

controls to identify potential candidates of metastatic cell colonization. One candidate, 

myeloperoxidase, was identified and validated as a mediator of metastatic cell colonization. 

The synthetic scaffold environment and DCM coatings can be readily applied to identify 

proteins that mediate metastatic cell colonization, which may ultimately provide targets for 

inhibiting pre-metastatic niche formation.

2. MATERIALS AND METHODS

2.1. PCL scaffold fabrication and imaging

Poly(ε-caprolactone) (PCL, Durect Corporation) was dissolved to a 6% weight/volume 

solution in dichloromethane overnight. Using a single emulsion approach, the PCL solution 

was homogenized in a 10% solution of polyvinyl alcohol (PVA) and mixed with water for 3 

hours to yield PCL microspheres. Particles were centrifuged at 2000g and rinsed with dH2O 

to wash away residual PVA. After rinsing, particles were flash frozen in liquid nitrogen and 

lyophilized overnight to yield dry PCL particles.

For scaffold fabrication, PCL particles and NaCl crystals (250–425 µm crystal size) were 

mixed at a 1:30 PCL/NaCl mass ratio. The particle mixture was pressed using a steel die at 

1500 psi. Scaffolds were heat-treated at 55°C for 10 minutes and gas-foamed in a CO2 

chamber at a constant pressure of 800 psi for 24 hours. Scaffolds were leached in dH2O to 

remove NaCl crystals and treated in a 0.5 M NaOH solution for 3 hours. Scaffolds were 

washed with dH2O until a neutral pH was reached and sterilized with 70% EtOH for 1 

minute. Scaffolds were dried and stored at room temperature in a dessicator until use.

For protein coatings, 30 µL of 1 mg/mL solutions of collagen IV (Sigma), fibronectin 

(Sigma), decellularized matrix, or recombinant myeloperoxidase (R&D Labs) were slowly 

added to scaffolds and incubated overnight for protein adsorption. For imaging, protein-

coated scaffolds were allowed to dry completely, mounted and sputter-coated with 10 nm 

gold particles, and imaged using a scanning electron microscope (NOVA 600 NanoLab, FEI 

company). Images were taken using a voltage of 20 kV and a current of 48 pA.

2.2. Cell culture

Human LM2-4 cells derived from MDA-MB-231 cells [16] and mouse 4T1 cells were used 

for all experiments. LM2-4 cells were routinely cultured on tissue culture polystyrene flasks 

in RPMI 1640 media supplemented with 10% fetal bovine serum (FBS), 1% 

penicillinstreptomycin solution, and 0.02% gentamicin (Life Technologies). 4T1 cells were 

cultured in RPMI 1640 media supplemented with 10% FBS and 1% penicillin-streptomycin 

solution (Life Technologies). Cells used for mouse tumor inoculations were cultured in 
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penicillin-streptomycin free media. Media was exchanged every other day. Once ~80% 

confluent, cells were harvested with 0.05% Trypsin/EDTA (Life Technologies) solution and 

counted using a Trypan blue stain (Sigma Aldrich) and a Cell Countess automated 

hemocytometer (Life Technologies). Cells were cultured in a humidified 5% CO2 incubator 

at 37°C.

2.3. Tumor inoculations and organ harvest

Animal studies were performed in accordance with institutional guidelines and protocols 

were approved by the Northwestern University Institutional Animal Care and Use 

Committee (IACUC). Tumor inoculation was performed by injecting 2 × 106 LM2-4 or 4T1 

cells in a volume of 50 µL PBS (Life Technologies) into the number four right L PBS (Life 

Technologies) into the number four right mammary fat pads of female NOD/SCID-

IL2Rã −/− (NSG) or Balb/C mice (The Jackson Laboratory), respectively. Diseased lung and 

livers were harvested from mice 28 days post-inoculation for NSG mice and 21 days post 

inoculation for Balb/C mice. Healthy lungs and livers were harvested from mice without 

tumor inoculation. Organs were stored at −80°C until use.

2.4. Scaffold implantation and flow cytometry

Female NSG or Balb/C mice were inoculated with LM2-4 or 4T1 cells respectively as 

described above. One week post-inoculation, two protein-coated scaffolds were implanted 

subcutaneously in the left and right dorsal regions. One week post-scaffold implant, 

scaffolds were harvested from euthanized mice and minced with microscissors in a 0.38 

mg/mL solution of Liberase TL in HBSS. Samples were incubated at 37 °C for 20 minutes 

and neutralized with 0.125 M EDTA (Life Technologies). The digested sample was passed 

through a 70 µm filter (BD Biosciences) and rinsed with FACS buffer. For leukocyte 

population analysis, scaffold and spleen cells were blocked with anti-CD16/32 (1:50, 

BioLegend) and stained for viability using fixable violet dead cell stain kit (Life 

Technologies). Cells were then stained with Alexa Fluor® 700-conjugated anti-CD45 (30-

F11, 1:125; Biolegend), Pacific Blue-conjugated anti-Gr-1 (RB6-8C5, 1:70; Biolegend), 

FITC-conjugated anti-Ly-6C (HK1.4, 1:100; Biolegend), PE-Cyanine7-conjugated anti-

F4/80 (BM8, 1:70; Biolegend), APC-conjugated anti-CD11c (N418, 1:85; eBioscience), 

v500-conjugated anti-CD11b (M1/70, 1:100; BD Biosciences), Pacific Blue-conjugated 

anti-CD19 (6D5, 1:100; Biolegend), v500-conjugated anti-CD4 (RM4-5, 1:100; BD 

Biosciences), and FITC-conjugated anti-CD8a (53–6.7, 1:25; Biolegend). For tumor cell 

quantification, PE+ events were counted and checked for auto-fluorescence against the 

APC-Cy7 channel. For Ki67 analysis, cells were permeabilized with 70% EtOH, washed 

with cell staining buffer (BioLegend), and stained with FITC-conjugated anti-Ki67 antibody 

(16A8, 1:50; Biolegend). All samples were re-suspended in FACS buffer and analyzed using 

a BD LSR Fortessa flow cytometer (Becton Dickinson Immunocytometry Systems, BDIS).

2.5. Organ decellularization

Healthy and diseased organs were slightly thawed and cut into ~1 mm thick slices using a 

razor. Slices were decellularized using a sequential 30 minute treatments of 1%, 2%, and 3% 

Triton X-100 solutions, followed by an overnight treatment of 0.1% sodium dodecyl sulfate 

(SDS) on a rocker with vigorous shaking at 4°C. Treatments were repeated the following 
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day until tissues were completely decellularized. Samples were rinsed liberally with PBS 

and flash frozen in liquid nitrogen. The tissue was lyophilized overnight to yield 

decellularized matrix (DCM) and stored at 4°C until use.

2.6. Histology and immunofluorescence staining

Decellularized and control organ samples were fixed in 10% formalin for 24 hours and 

embedded in paraffin wax for sectioning. Tissue samples were sliced into 4 µm thick 

sections, heat-fixed and xylene-treated prior to staining. For cellular staining, sections were 

stained for 10 minutes with Gill III Hematoxylin and Eosin Y (Leica). For 

immunofluorescence staining, sections were treated with boiling 0.01 M sodium citrate 

solution supplemented with 0.05% Tween-20 and brought to a pH of 6.0 for antigen 

retrieval. Sections were blocked with a 10% normal goat serum solution and stained with a 

1:200 dilution of myeloperoxidase antibody (Abcam) and 1:500 dilution of Alexa Fluor 488 

secondary antibody (Abcam). Tissues were co-stained with a 1:100 dilution of collagen IV 

or fibronectin antibody (Santa Cruz Biotechnology) and a 1:200 dilution of Alexa Fluor 555 

secondary antibody (Santa Cruz Biotechnology). Stained sections were preserved with 

Vectashield DAPI mounting medium (Vector Labs) and imaged using a Zeiss upright 

fluorescence microscope. Fluorescence exposure was adjusted as needed to avoid over-

saturated images of tissue samples.

2.7. Decellularized matrix coatings

Lyophilized DCM was minced to a fine powder using a razor blade. A 1 mg/mL solution of 

DCM was prepared using a 10 mg/mL solution of pepsin from porcine mucosa (Sigma) 

dissolved in 0.1 M of hydrochloric acid under constant gentle stirring for 72 hours. Aliquots 

of DCM solutions were stored at −20°C until use. DNA concentration in decellularized 

samples was tested using a PicoGreen dsDNA Assay Kit (Life Technologies) according to 

the manufacturer’s instructions. DCM solutions were diluted in 0.25% acetic acid and 

allowed to adsorb to 96-well cell culture plates for 24 hours. Adsorbed myeloperoxidase on 

tissue culture plastic was visualized using immunofluorescence with manufacturer 

recommended primary antibody dilutions (1:200, Abcam).

2.8. Adhesion assays

Tumor cell adhesion was quantified using two-dimensional tissue culture treated polystyrene 

96-well plates coated with various DCM solutions from both NSG and Balb/C organs. 

Prepared DCM coated plates were blocked with a 10 mg/mL solution of bovine serum 

albumin in supplement-free RPMI media for 1 hour at 37°C. After washing with PBS, 

40,000 cells (4T1 or LM2-4) were added to each well and allowed to adhere for 45 minutes 

at 37°C. Unattached cells were washed away with PBS and attached cells were fixed and 

stained in a 0.5% wt/vol crystal violet solution using a 60% EtOH/40% PBS solvent. Plates 

were washed with dH2O and imaged using a Zeiss brightfield microscope. After imaging, 

the crystal violet inside of attached cells was solubilized using a 10% solution of acetic acid, 

and absorbance readings at 595 nm were quantified using a Cytation3 plate reader (Bio-

Tek).
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2.9. Proteomics of DCM

Lyophilized DCM powder was deglycosylated using a protein deglycosylation enzyme mix 

(New England Biolabs) according to the manufacturer’s instructions. Deglycosylated 

proteins were separated using a 4–20% gradient SDS-page gel (BioRad) and stained using 

Imperial Protein Stain (Pierce).

For each sample, gel lanes were cut from top to bottom into 18–20 pieces. Protein digestion 

was performed with sequencing grade trypsin (Promega, Madison WI) and extracted 

peptides from each condition were pooled together. The pooled samples were loaded 

directly onto a 15 cm long, 75 µM reversed phase capillary column (ProteoPep™ II C18, 

300 Å, 5 µm size, New Objective, Woburn MA) and separated with a 70 minute gradient 

from 5% acetonitrile to 100% acetonitrile on a Proxeon Easy n-LC II (Thermo Scientific, 

San Jose, CA). The peptides were directly eluted into an LTQ Orbitrap Velos mass 

spectrometer (Thermo Scientific, San Jose, CA) with electrospray ionization at a 350 nl/

minute flow rate. The mass spectrometer was operated in data dependent mode, and for each 

MS1 precursor ion scan, the ten most intense ions were selected from fragmentation by CID 

(collision induced dissociation). The other parameters for mass spectrometry analysis were: 

(i) resolution of MS1 was set at 60,000, (ii) normalized collision energy 35%, (iii) activation 

time 10 ms, (iv) isolation width 1.5, and (v) +4 and higher charge states were rejected. 

Proteomic experiments were performed in duplicate.

The data were processed using Proteome Discoverer (version 1.4, Thermo Scientific, San 

Jose, CA) and searched using embedded SEQUEST HT search engine. The data were 

searched against reference proteome of homo sapiens (uniprot.org, Download date: June 

2014). The other parameters were as follows: (i) enzyme specificity: trypsin; (ii) fixed 

modification: cysteine carbamidomethylation; (iii) variable modification: methionine 

oxidation and N-terminal acetylation; (iv) precursor mass tolerance was ±10 ppm; and (v) 

fragment ion mass tolerance was ±0.8 Da. All the spectra were searched against target/decoy 

databases and results were used to estimate the q values in Percolator algorithm as 

embedded in Proteome discoverer 1.4. The peptide identification was considered valid at q 

value < 0.1 and were grouped for protein inference to satisfy the rule of parsimony. In the 

final protein list, protein identification was considered only valid if supported by minimum 

of one unique peptide. The log2 fold change for each identified protein was calculated using 

the average peptide spectral matches from diseased DCM samples relative to healthy DCM 

samples.

2.10. Statistical significance

Data are shown as mean ± standard error (SEM) unless otherwise noted. Significance was 

claimed with p-values less than 0.05, determined using unpaired Student’s t-tests for single 

comparisons or one-way ANOVA with post-hoc testing for multiple comparisons. Statistical 

analysis was performed using GraphPad Prism.
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3. RESULTS

3.1. Extracellular matrix coated PCL scaffolds increase tumor cell colonization

ECM proteins present in the pre-metastatic niche were utilized to enhance tumor cell 

colonization to PCL scaffolds implanted subcutaneously, which is a location to which 

metastatic cells do not normally colonize in our breast cancer models [17]. The ability of 

ECM to promote colonization was investigated by preparing PCL scaffolds coated with 

fibronectin and collagen IV, two ECM proteins previously shown to accumulate at the niche. 

Scanning electron microscopy images reveal the micro-porous structure of the PCL scaffold. 

Following overnight adsorption, collagen IV and fibronectin, fibers could be visualized on 

the struts of the porous scaffold (Fig. 1A). These scaffolds were then implanted 

subcutaneously in the dorsal region of Balb/C mice previously inoculated with 4T1 

metastatic mouse tumor cells. ECM coatings of collagen IV and fibronectin resulted in a 

greater than 2-fold increase in the number of tumor cells recruited to the scaffold, with 79.0 

± 15.2 recruited cells to a collagen IV coated scaffold and 72.7 ± 9.0 cells recruited to a 

fibronectin coated scaffold, compared to 34.4 ± 4.7 cells recruited to a blank uncoated 

scaffold (Fig. 1B). Next, the proliferative capacity of the tumor cells was quantified using a 

Ki67 antibody stain and quantified via flow cytometry. No differences were observed in the 

proliferative capacity of the tdTomato+ tumor cells recruited to the scaffolds, with the 

percentage of Ki67+ cells at blank, collagen IV, and fibronectin scaffolds equaling 97.2 ± 

1.0%, 96.1 ± 3.5%, and 94.0 ± 4.2% respectively (Fig. 1C). Additionally, no observed 

differences were observed in innate and adaptive immune cell populations at the scaffolds 

(Fig. 1D).

3.2. Lung and liver DCM coatings enhance tumor cell adhesion in vitro

The decellularization of lungs and livers from healthy and diseased NSG and Balb/C mice 

yielded matrix representative of the organ ECM. Chemical treatments removed visible traces 

of cellular material, leaving behind the intact ECM for both healthy and diseased tissues 

(Fig. 2A, 2B). Upon digesting the DCM into solution, measurements of DNA concentration 

indicated low concentrations of DNA material for decellularized samples [18]. The 

decellularized lungs and livers contained less than 1% of the DNA present in native healthy 

tissue controls (Fig. 2C, 2D). These studies confirmed the DCM solutions contained minor 

detectable amounts of cellular material.

The DCM coatings were subsequently utilized for LM2-4 and 4T1 tumor cell adhesion 

studies. A greater number of LM2-4 tumor cells adhered to D-Lung and D-Liver DCM 

coatings compared to H-Lung and H-Liver coatings (Fig. 3A), which was consistent across 

multiple dilutions of DCM (Fig. 3B). Similarly, increased 4T1 tumor cell adhesion was 

observed on D-Lung and D-Liver matrix from Balb/C mice compared to H-Lung and H-

Liver matrix (Fig. 3C), with studies again performed across a range of DCM concentrations 

(Fig. 3D). These results indicate diseased lung and liver decellularized matrix coatings 

enhance tumor cell adhesion for both LM2-4 and 4T1 metastasis models.
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3.3. Decellularized matrix coated PCL scaffolds enhance tumor cell colonization in vivo

The DCM was subsequently used to coat PCL scaffolds, which were then implanted in 

mouse models of breast cancer to test the effects of DCM coatings on colonizing tumor cells 

in vivo. Seven days post-implantation, significantly more tumor cells colonized PCL 

scaffolds coated with DCM from D-Lung and D-Liver relative to coatings of H-Lung and H-

Liver in both NSG and Balb/C mouse models inoculated with LM2-4 and 4T1 cells, 

respectively. For NSG mice, 13.3 ± 8.6 LM-2 cells were identified in uncoated PCL 

scaffolds compared to 15.5 ± 10.1 cells to H-Lung, 18.6 ± 8.5 cells to H-Liver, 34.2 ± 8.9 

cells to D-Lung, and 43.4 ± 7.8 cells to D-Liver coated scaffolds (Fig. 4A). Similarly in 

Balb/C mice, 4T1 cell colonization to uncoated scaffolds was 32.7 ± 4.6 cells compared to 

43.1 ± 3.3 cells to H-Lung, 40.9 ± 4.3 cells to H-Liver, 60.7 ± 6.1 cells to D-Lung, and 53.7 

± 6.0 cells to D-Liver (Fig. 4B). These results indicate that proteins present in the DCM of 

diseased organs enhance tumor cell colonization to the PCL scaffold.

3.4. Proteomics analysis of DCM samples identifies myeloperoxidase as a mediator of 
tumor cell colonization

A proteomics approach to analyze the protein composition within DCM samples was 

implemented to identify factors associated with increasing tumor cell colonization on 

diseased DCM coatings. For NSG H-Lung and D-Lung, a total of 569 proteins were 

identified, with 207 proteins uniquely identified in D-Lung, 136 proteins uniquely identified 

in H-Lung, and 226 proteins identified in both samples. For the proteins that were identified 

in both H-Lung and D-Lung, 16 proteins in D-Lung had a log2 fold difference greater than 2 

when compared to H-Lung, and 13 proteins in H-Lung had a log2 fold increase greater than 

2 when compared to D-Lung (Fig. 5A). For NSG H-Liver and D-Liver, a total of 1020 

proteins were identified, with 95 proteins identified uniquely in H-Liver, 672 proteins 

uniquely identified in D-Liver, and 253 proteins identified in both samples. For the proteins 

that were identified in both H-Liver and D-Liver, 96 proteins in D-Liver had a two-fold log2 

fold difference when compared to H-Liver, and 9 proteins in H-Liver had a two-fold log2 

fold increase when compared to D-Liver (Fig. 5B). Ontological analysis using MetaCore 

software indicated most of the proteins in H-Lung, D-Lung, H-Liver, and D-Liver as 

belonging to extracellular matrix locations (Fig. 5C).

In both D-Lung and D-Liver protein catalogs, myeloperoxidase (MPO) was identified as 

most abundant compared to H-Lung and H-Liver samples. Myeloperoxidase abundance had 

a 2.96-fold increase in D-Lung relative to H-Lung and a 6.39-fold increase in D-Liver 

relative to H-Liver (Supplemental Table 1). Excessive expression of MPO is involved in the 

progression of many inflammatory-based diseases, including breast cancer [19]. However, 

the role of MPO in mediating metastatic spread remains unclear, and warranted further 

investigation in our study. Using DCM coatings of H-Lung, H-Liver, D-Lung, and D-Liver 

from NSG mice, MPO was confirmed to be more abundant on D-Lung and D-Liver coatings 

using immunofluorescence stains (Fig. 6A). Additionally, immunofluorescence stains 

revealed MPO was more abundantly present in diseased decellularized organs relative to 

healthy. Furthermore, the presence of MPO was shown to localize in regions rich with 

collagen IV and fibronectin (Fig. 6B, 6C).
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An adhesion assay was utilized to determine the role of myeloperoxidase on the adhesion of 

LM-2 cells. After coating tissue-cultured polystyrene with recombinant MPO (rMPO), 

LM2-4 cells showed concentration-dependent adhesion on rMPO-coated polystyrene (Fig. 

7A). The role of MPO on tumor cell colonization was also investigated in vivo using MPO-

coated PCL scaffolds implanted in NSG mice. Flow cytometry results showed a ~2.5-fold 

increase in tumor cell colonization to 30.7 ± 4.8 LM2-4 cells on rMPO-coated PCL 

scaffolds compared to 12.5 ± 1.7 LM2-4 cells on uncoated controls (Fig. 7B). Lung and liver 

sections were subsequently stained for MPO to determine co-localization with tumor cell 

clusters. Immunofluorescence (IF) stains revealed the presence of MPO localized around 

tdTomato+ tumor cell clusters in both D-Lung and D-Liver tissue sections (Fig. 7C). The 

increased abundance of MPO in diseased tissues compared to healthy tissues was visually 

confirmed, further validating the proteomic identification of MPO as a more abundant 

protein in diseased tissues.

4. DISCUSSION

In this report, we utilized an implantable polymer scaffold as a platform to identify ECM-

associated proteins as mediators of tumor cell colonization. Few reports have demonstrated 

metastatic tumor cell recruitment in animal models to implanted niches that mimic 

characteristics of the pre-metastatic niche. Biomaterials have been used as scaffolds to 

model inflammation-mediated metastasis [20,21], to identify stromal-derived factors 

associated with metastasis [22], and to mimic the bone marrow microenvironment as a 

metastatic niche [23]. Herein, we coated polymer scaffolds with ECM proteins typically 

present in the pre-metastatic niche to validate that the scaffolds can recapitulate the role of 

ECM on tumor cell colonization. ECM proteins are critical regulators of tumor cell 

colonization and assist in providing an optimal environment for tumor cell adhesion and 

growth in the pre-metastatic niche [24]. Using collagen IV and fibronectin coatings, we 

observed increases in the amount of tumor cells able to colonize to a PCL scaffold within 

seven days of implantation. Our results suggest the presence of ECM proteins mediate 

increased colonization of tumor cells at the ECM-coated scaffolds independent of 

proliferative capacity or immune cell mediated effects on tumor cell homing to the scaffold.

Decellularized organs were employed as a source to obtain and ultimately identify novel 

ECM proteins associated with metastatic colonization. Organ decellularization is a common 

method used in the tissue engineering field to obtain organ-specific ECM proteins [18]. 

Organ decellularization has been employed to study modifications to ECM associated with 

disease progression [25]. In previous metastasis models, decellularized lung tissue has been 

used to model metastatic tumor nodule formation ex vivo [26,27]. In this study, we 

implanted decellularized ECM coated scaffolds into NSG mice inoculated with a human 

breast cancer line that is known to metastasize to the lung and liver [16]. The organ 

microenvironment of lungs and livers was reproducibly modified following tumor cell 

inoculation and was employed to generate an abundant source of disease-modified ECM for 

coating purposes. Organ ECM has been used to coat tissue culture well plates to promote 

stem cell differentiation [28] and primary cell culture [29]. In our study, decellularized 

coatings were used to model organ-specific tumor cell adhesion and colonization. Our 

functional decellularized coatings demonstrated that diseased lungs and livers contained 
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proteins that promote tumor cell adhesion in vitro and colonization in vivo. Our results 

broadly suggest that the decellularization of organs from diseased hosts can retain functional 

proteins that are associated with and likely contribute to disease progression.

Using mass-spectrometry proteomics, we have identified dozens of proteins more abundant 

in diseased organs than healthy organs, offering a list of ECM candidates that may 

contribute to organ-specific metastatic cell colonization. Numerous other studies have 

characterized ECM-associated proteins in decellularized matrix samples using mass-

spectrometry proteomics [25,30,31]. By comparing the log2 fold change of quantified 

peptide spectral matches, we have identified multiple proteins present in diseased lung and 

liver samples (Supplementary Table 1). In these lists, ECM-associated proteins such as 

tenascin [32], MMP9 [33], and vitronectin [34] have been associated previously with 

colonization and metastasis. Interestingly, MPO was the only protein identified in both our 

D-Lung and D-Liver top 10 lists. MPO is known to enzymatically generate reactive oxygen 

species to destroy pathogens engulfed by phagocytes, and plays a role in mediating the 

progression of various inflammatory diseases [35]. MPO is expressed in Gr1+CD11b+ 

myeloid derived suppressor cells (MDSCs), and excessive expression of MPO has been 

linked to acute and chronic inflammatory diseases [35,36]. MDSCs are known to 

accumulate in pre-metastatic niches [33], suggesting increased levels of MPO at the niche 

may result from the accumulation of MDSCs and other immune cell types, such as 

neutrophils and monocytes found at target organs during metastatic progression [37]. 

Furthermore, MPO was recently identified by our laboratory as a candidate mediator of 

metastatic cell homing to the pre-metastatic niche after an analysis of the immune cell 

secretome in a MDA-MB-231 model of breast cancer [21]. MPO is also reported to 

electrostatically bind to ECM proteins including collagen IV and fibronectin, two ECM 

proteins known to be present in abundant quantities at pre-metastatic niche sites [38]. This 

prior knowledge motivated our validation studies to visualize the retention and localization 

of MPO in fibronectin- and collagen IV-rich sites in our decellularized organ samples, as 

well as test the role of MPO in colonization using our scaffold technology. To further 

demonstrate the versatility of PCL scaffolds, we implanted MPO-coated scaffolds in our 

NSG model and demonstrated increased metastatic cell colonization. Given these 

observations, our scaffolds may provide a novel strategy for validating proteins associated 

with metastatic colonization and disease progression. Through the effective use of 

proteomics, MPO was identified and validated as a novel mediator of tumor cell 

colonization using our scaffold technology. Further, our proteomics and decellularization 

approach may be utilized to identify additional contributors to metastatic disease 

progression, and may be extended to discover tissue-specific proteins that contribute to the 

progression of other diseases.

Our work also suggests that ECM-coated scaffolds may be used to collect colonizing tumor 

cells more effectively for downstream clinical applications. Circulating tumor cell capture at 

ECM-coated scaffolds is enhanced relative to blank scaffolds in vivo, suggesting that ECM 

coatings allow for a more permissive environment for tumor cell colonization. A previous 

report by Azarin et al. demonstrates that implanted polymer scaffolds can be used for the 

early detection of circulating tumor cells in orthotopic breast cancer mouse models, prior to 
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their arrival at target organs [17]. The potential for early detection may be improved due to 

the increased accumulation of tumor cells to our defined niche that could facilitate the 

application of imaging tools to identify cancer cells within the implant. Furthermore, our 

biomaterials-based technique for capturing colonizing tumor cells may also facilitate current 

efforts in determining biomarkers associated with colonization, given the increased 

abundance of colonizing metastatic cells on the scaffold available for analysis [39]. The 

genomic analysis of colonizing tumor cells at the scaffold relative to primary tumor cells 

may provide insights on tumor cell heterogeneity during disease progression to determine 

more effective treatments against metastasis in a future clinical setting. Taken together, our 

ECM-coated scaffolds may improve the likelihood of collecting colonizing tumor cells in 

vivo, which may facilitate early detection and personalized therapies for metastatic cancer 

patients.

5. CONCLUSIONS

This report demonstrates the use of implantable biomaterial scaffolds, decellularized organ 

matrix, and proteomics to identify and validate novel ECM contributors to metastatic cell 

colonization. Our work demonstrates that PCL scaffolds may be used to mimic components 

of the pre-metastatic niche and thereby provide a platform to investigate mediators of tumor 

cell colonization. We confirmed the functionality of ECM protein coatings in enhancing the 

amount of tumor cells recruited to the scaffold implant site. Knowing ECM coatings impact 

cell colonization to the scaffold, we explored the role of organ ECM on adhesion and 

colonization using DCM coatings from diseased lungs and livers. The complexity of the 

diseased organ DCM was further characterized with proteomics to yield dozens of protein 

candidates associated with colonization. To validate our approach, myeloperoxidase was 

shown to localize to target tissues and mediate tumor cell colonization through in vitro 

adhesion assays and in vivo scaffold implantation studies. Collectively, our scaffold 

technology represents a novel juxtaposition of proteomics, metastasis models, and tissue 

engineering approaches to uncover target proteins associated with tumor cell colonization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF SIGNIFICANCE

The pre-metastatic niche consists partially of ECM proteins that promote metastatic cell 

colonization to a target organ. We present a biomaterials-based approach to mimic this 

niche and identify ECM mediators of colonization. Using murine breast cancer models, 

we implant microporous PCL scaffolds to recruit colonizing tumor cells in vivo. As a 

strategy to modulate colonization, we coated scaffolds with various ECM proteins, 

including decellularized lung and liver matrix from tumor-bearing mice. After 

characterizing the organ matrices using proteomics, myeloperoxidase was identified as an 

ECM protein contributing to colonization and validated using our scaffold. Our scaffold 

provides a platform to identify novel contributors to colonization, and allows for the 

capture of colonizing tumor cells for a variety of downstream clinical applications.
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Figure 1. ECM-coated scaffolds for metastatic tumor cell colonization
(A) SEM images of a porous PCL scaffold (top left scale bar = 1 mm) with zoomed in 

details of an uncoated blank scaffold and coated collagen IV and fibronectin scaffolds (scale 

bars = 50 µm). (B) Flow cytometric analysis of 4T1 tumor cell recruitment to coated PCL 

scaffolds implanted subcutaneously. Asterisk indicates statistical significance compared to 

blank control, P < 0.05 (n = 10). (C) Percent of Ki67-positive tumor cells present at 

implanted scaffolds analyzed using flow cytometry (n = 10). (D) Flow cytometry 

quantification of immune cell populations at ECM-coated scaffolds (n = 10).
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Figure 2. Decellularization of lungs and livers of healthy and diseased mice
H&E sections of healthy and diseased lungs and livers from (A) NSG mice inoculated with 

LM2-4 cells and (B) BalbC mice inoculated with 4T1 cells (scale bar = 100 µm). DNA 

concentrations of decellularized matrix and native tissue digests of (C) NSG and (D) BalbC 

lungs and livers (n = 4).
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Figure 3. In vitro adhesion of LM2-4 and 4T1 cells on DCM coatings
(A) Representative images of LM2-4 cells adhered to tissue culture plastic coated with lung 

and liver DCM from healthy and diseased NSG mice (scale bars = 300 µm, protein 

concentration of coating solution = 250 µg/mL). (B) Crystal violet absorbance values of 

LM2-4 cells adhered on DCM matrix coatings (n = 12), asterisk indicates P < 0.05 

comparison at each protein concentration value (excluding BSA control). (C) Representative 

images of 4T1 cells adhered to tissue culture plastic coated with lung and liver DCM from 

healthy and diseased BalbC mice (scale bars = 300 µm, protein concentration of coating 

solution = 250 µg). (D) Crystal violet absorbance values of 4T1 cells adhered on DCM 

matrix coatings (n = 12), asterisk indicates P < 0.05 comparison at each protein 

concentration value (excluding BSA control).
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Figure 4. In vivo tumor cell colonization to PCL scaffolds coated with various DCM solutions 
implanted subcutaneously
(A) LM2-4 tumor cell colonization in NSG mice (n = 8) and (B) 4T1 tumor cell colonization 

in BalbC mice (n = 10) show increased tumor cell recruitment on diseased lung and liver 

DCM coatings compared to blank scaffolds. Groups with different letters indicate statistical 

significance (P < 0.05).
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Figure 5. Proteomic characterization of DCM coatings
Graph showing log2 fold changes of healthy and diseased (A) lungs and (B) livers peptide 

spectral matches, where each tick on the x-axis represents an identified protein in the matrix. 

Log2 fold change values shaded in red indicate proteins 2-fold more abundant in healthy 

DCM, and log2 fold change values shaded in green indicate proteins 2-fold more abundant 

in diseased DCM. (C) Gene ontology analysis of lung and liver DCM coatings using 

MetaCore software show protein localizations.
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Figure 6. Presence of myeloperoxidase in decellularized lung and liver tissues
(A) Confirmation of increased abundance of myeloperoxidase in diseased lung and liver 

DCM compared to healthy DCM using immunofluorescence stains of coatings on tissue 

culture plastic (scale bars = 100 µm). Co-immunofluorescence stains for (B) collagen IV or 

(C) fibronectin with myeloperoxidase, showing increased abundance of myeloperoxidase in 

diseased tissues (scale bars = 100 µm).
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Figure 7. Validation of myeloperoxidase as a contributor to metastatic cell colonization
(A) Adhesion assay absorbance values showing concentration dependent adhesion of LM2-4 

cells on tissue culture plastic treated with myeloperoxidase solutions at indicated protein 

concentrations (n = 4). Groups with different letters indicate statistical significance (P < 

0.05). (B) In vivo colonization of LM2-4 cells on MPO-coated PCL scaffolds 7 days post 

subcutaneous implantation (n = 24). Asterisk indicates significance at P < 0.002. (D) 
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Immunofluorescence stains showing MPO localization near tumor cell clusters in D-Lung 

and D-Liver sections compared to H-Lung and H-Liver controls (scale bars = 100 µm).
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