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Abstract

The tumor microenvironment (TME) is gaining increasing attention in oncology, as it is 

recognized to be functionally important during tumor development and progression. Tumors are 

heterogeneous tissues that, in addition to tumor cells, contain tumor-associated cell types such as 

immune cells, fibroblasts, and endothelial cells. These other cells, together with the specific 

extracellular matrix (ECM), create a permissive environment for tumor growth. While the 

influence of tumor infiltrating cells and mechanical properties of the ECM in tumor invasion and 

progression have been studied separately, their interaction within the complex TME and the 

epithelial-to-mesenchymal transition (EMT) is still unclear. In this work, we develop a 3D co-

culture model of lung adenocarcinoma cells and macrophages in an interpenetrating network 

hydrogel, to investigate the influence of the macrophage phenotype and ECM stiffness in the 

induction of EMT. Rising ECM stiffness increases both tumor cell proliferation and invasiveness. 

The presence of tumor-associated macrophages and the ECM stiffness jointly contribute to an 

invasive phenotype, and modulate the expression of key EMT-related markers. Overall, these 

findings support the utility of in vitro 3D cancer models that allow one to study interactions among 

key components of the TME.
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1. Introduction

Although EMT is believed to be a fundamental step in cancer cell metastasis, only a limited 

number of studies have considered the complexity of the tumor microenvironment (TME) in 

this process. The TME is characterized by an intricate and sophisticated network of 

interactions among different cellular components and the extracellular matrix (ECM), all of 

which contribute to the microenvironmental regulation of tumor progression and metastasis 

[1,2]. It consists of ECM, stromal cells such as fibroblasts, infiltrating immune cells and the 

vasculature [3–6]. The ECM is no longer considered just a supportive structure, but is now 

recognized as an essential dynamic compartment, hosting multiple biochemical and 

mechanical signals that modulate tumor progression [6,7]. Indeed, ECM remodeling and 

stiffening of the TME strongly correlate with tumor progression [8,9]. ECM stiffness 

enhances cell growth and survival and promotes migration, affecting the malignant transition 

of cells and the formation of metastasis [6,10–12]. Both tumor and stromal cells can affect 

the ECM structure and composition [13]. Furthermore, infiltrated immune cells such as 

macrophages produce enzymes and cytokines that lead to alterations in the ECM 

architecture, promote fibrosis and increase matrix stiffness [14,15].

Among the different immune cells that can be found in the TME, tumor-associated 

macrophages (TAMs) are attracting a great deal of interest as they can represent up to 50% 

of the tumor mass [16]. As the major inflammatory component of the stroma, they constitute 

a driving force in proliferation, matrix remodeling, metastasis, and suppression of adaptive 

immunity in various tumors [17–20]. The tumor milieu itself strongly influences the 

recruitment of normal macrophages (M0) and shapes several of their features, as these cells 

display remarkable plasticity and change their physiology in response to 

microenvironmental cues [21–24]. TAMs can exert distinct influences in cancer, depending 

on their activation state. Classically activated macrophages, termed M1 or pro-inflammatory 

macrophages, produce effector molecules such as reactive oxygen intermediates, reactive 

nitrogen intermediates, and TNFα, to limit tumor growth. M2 or alternatively activated 

macrophages, in contrast, promote tumor growth and metastasis by secretion of matrix-

degrading enzymes, angiogenic factors, and immunosuppressive cytokines and chemokines 

[25]. It is now appreciated that M2 macrophages can be further divided into subsets, 

specifically M2a, M2b, M2c and M2d based on their different gene expression profiles. For 

instance, M2a macrophages are involved in Th2 type immune response e.g. against 

parasites; whereas M2c are involved in tissue repair and remodeling [26,27].

In vitro 3D models have facilitated progress in the understanding of the different stages of 

cancer progression [28,29], and allow one to more readily focus on the role of specific 

features than is often possible using in vivo models. Several types of biomaterials, in 

particular hydrogels, which have high tissue-like water content and tunable physical and 

mechanical properties, have shown the potential to mimic native ECM and serve as a tumor 

matrix [30,31]. They can be specifically designed to mimic stiffness and other mechanical 

properties of tumors in order to understand their impact on tumor invasiveness and 

metastasis [32–34]. Protein components of the ECM such as collagen, fibrin, laminin, or 

elastin, as well as mixtures of these materials or other hybrid protein-based matrices such as 

Matrigel, are widely used as cell-culture substrates due to their inherent resemblance to the 
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natural ECM and complex signaling capabilities [35]. Cramer et al. used collagen I and 

Matrigel to evaluate how ECM composition and rigidity affect the invasive behavior and 

motility of pancreatic ductal adenocarcinoma cells [36]. Similarly, Nguyen-Ngoc et al. 

analyzed the effect of ECM composition in the migratory pattern and dissemination of both 

tumor and normal murine mammary epithelium [37]. However, gels based solely on these 

materials do not allow one to decouple changes in matrix stiffness from changes in 

composition and 3D architecture [12,38]. In addition, studies exploring co-culture of tumor 

and tumor-infiltrating cells have typically been based on transwell assays [39–43], failing to 

reproduce a physiological relevant environment for cell-cell and cell-ECM interaction and 

crosstalk. To the best of our knowledge, 3D models considering the interactions between 

tumor and immune infiltrating cells, with control over the ECM stiffness, have not been 

previously developed.

This study was performed to specifically evaluate the contributions of alternatively activated 

macrophages and the ECM stiffness on the metastatic potential of co-cultured tumor cells, 

and the promotion of an epithelial-to-mesenchymal transition (EMT). A previously 

characterized hydrogel system, based on an interpenetrating network (IPN) of alginate and 

Matrigel that allows one to vary ECM stiffness independently of composition and 3D 

architecture [44], was used to investigate how mechanical signals crosstalk with co-cultured 

macrophages to modulate invasion and EMT in lung adenocarcinoma cancer cells. As 

polymer concentration is constant in the system, the average pore size is similar for all the 

IPNs, therefore not affecting diffusion. To study the influence of macrophages on the tumor 

cells, we have used THP-1 differentiated macrophages, which demonstrate similar 

expression profiles as polarized primary macrophages [45].

2. Methods

2.1. Cell culture

The lung adenocarcinoma cell line A549 (ATCC® CCL-185™) was grown in DMEM 

Dulbecco’s modified Eagle’s Medium (GIBCO, Spain). The human monocytic leukemia cell 

line THP-1 (ATCC® TIB-202™) was grown in RPMI-1640 (Sigma). Both media were 

supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS) (GIBCO) and 1% 

penicillin-streptomycin (GIBCO). RPMI was also supplemented with HEPES (10 mM), 

sodium pyruvate (110 mg/L) and 2-mercaptoethanol (0.05 mM). Cells were cultured in a 

standard humidified incubator at 37°C in a 5% CO2 atmosphere.

2.2. Interpenetrating Networks (IPNs) formation and characterization

All IPNs in this study were prepared from a solution of 4.4 mg/mL Matrigel (Corning) and a 

solution of 5 mg/mL alginate, in a total volume of 0.5 mL, as previously described in [44]. 

Briefly, alginate was initially dialyzed, purified and lyophilized (see Supplementary 

information). For each gel, alginate was first reconstituted at 2.5% in Dulbecco’s modified 

Eagle’s medium (DMEM) and then delivered into a 1.5 ml tube and put on ice. A final 0.5 

wt% alginate was selected in order to allow appropriate mixing of the stock alginate solution 

with the viscous Matrigel solution, the cells and calcium sulfate slurry.
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On the other hand, cells were trypsinized, counted, diluted to the appropriate concentration 

and then placed on ice. Cells were encapsulated as monocultures at a cell density of 2×105 

cells/ml and as co-cultures at 2×105 and 4×105 cells/ml for tumor cells and macrophages, 

respectively. After the alginate had cooled, Matrigel, also on ice, was added to the alginate, 

and mixed ∼30–60 times with a pipette, being careful not to generate bubbles. The mixture 

was kept on ice before IPN formation.

Next, different concentrations of Ca2+ were used to crosslink the alginate. Previous 

rheology studies to characterize the mechanical properties of the IPNs [42] showed that by 

modulating the amount of calcium, the storage modulus of the IPNs at 1Hz can be tuned 

from 30 to 310 Pa while maintaining a constant polymer composition. Therefore, a solution 

containing calcium sulphate was prepared. Calcium sulphate was first dissolved in water at 

1.22 M and then autoclaved. This solution was then diluted ten-fold in serum-free DMEM 

just before the experiment. For each gel, 100 μl of serum-free DMEM containing the 

appropriate amount of the calcium sulphate slurry (4.88, 9.76 and 19.5 mM) was added to a 

1 ml Luer lock syringe (Cole-Parmer) and kept on ice.

Once all three components had been individually prepared, the gels were formed one by one. 

First, cells were pipetted into the Matrigel/alginate tube and mixed ∼60 times with a pipette. 

Then the cell/Matrigel/alginate solution was transferred with a pipette into a cooled 1 ml 

Luer lock syringe. The syringe with the calcium sulphate solution was then shaken to mix 

the calcium sulphate evenly, and then the two syringes were coupled together with a female–

female Luer lock (Cole Palmer), taking care not to introduce bubbles or air into the mixture. 

Finally, the two solutions were mixed rapidly together with three pumps of the syringe 

handles and instantly deposited into a well in a plate that had been pre-coated with Matrigel. 

The plate was then placed in an incubator, and the IPNs were allowed to gel for 30–50 min 

before media was added to the wells.

2.3. Image analysis of cell clusters

Both cross-sectional area and invasiveness of adenocarcinoma lung cell clusters, seeded in 

IPNs as mono-cultures, were analyzed every other day for each condition. Differential 

interference contrast (DIC) images at 10X of at least 6 randomly selected clusters were 

taken. Then, using a semi-automated algorithm in ImageJ (NIH), the image was thresholded, 

highlighting the boundaries between the clusters and the matrix, and the area of each cluster 

was calculated. In some cases of highly invasive clusters at high stiffness, the margin 

between the cell cluster and matrix had to be manually drawn to avoid underestimation of 

cluster size. At least 4 independent gels were analyzed for each data point.

2.4. Staining of primary lung tumor tissue

Human lung adenocarcinoma samples from the Pathology Department (University Clinical 

Hospital of Santiago de Compostela) were selected by the pathologist for comparison to the 

in vitro findings of this study. Paraffin sections (4 μm) of two independent specimens were 

processed and stained for hematoxylin and eosin (H&E). Illustrative photos were taken from 

standard H&E stained tissue slides.

Alonso-Nocelo et al. Page 4

Biofabrication. Author manuscript; available in PMC 2019 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.5. Conditioned Media Assays in IPN mono-cultures

Conditioned media (CM) was collected from cultures of macrophages polarized to different 

phenotypes (M0, M1, M2a and M2c). Macrophages were washed with PBS (2x), and 

cultured for 18 h in RPMI 1% HI-FBS (without IFNγ/LPS or cytokines) before collection. 

CM was then centrifuged (500 RCF, 6 min, 4°C) to remove cell debris and stored in aliquots 

at −20°C. Then, media were concentrated using Amicon Ultra 3K filters (Millipore, 

Billerica, MA). Concentrated CM from macrophages was re-diluted (1:8) in complete RPMI 

medium (10% FBS). The number of macrophages that conditioned the media was adjusted 

to be equivalent to 2 times the number of tumor cells seeded in the gels. Macrophages 

phenotype was evaluated before and after collecting the CM (Supplementary Methods and 

Fig S2).

Tumor cells were encapsulated in IPNs and cultured for up to 6 days. CM from macrophages 

polarized to different states (M0, M1, M2a and M2c) or control medium were added on days 

4 and 6. Cluster area and invasiveness of cells were monitored every other day for all the 

conditions. On day 6, cells were harvested from the IPNs for qPCR analysis.

2.6. IPN co-cultures of macrophages and tumor cells

Tumor cells and M0 or M2c macrophages were encapsulated into IPNs and co-cultured for 3 

and 6 days. Macrophage phenotype was assessed before every experiment by flow cytometry 

Supplementary Information). Cluster area and invasiveness of the tumor cells were 

monitored every other day for all the conditions. On day 6, gels were fixed for OCT 

embedding. Moreover, cells were also harvested for FACS and qPCR analysis. Mono-

cultures of tumor cells and macrophages (M0 or M2c macrophages) were used as controls.

2.7. Cell retrieval for gene expression and flow cytometry analyses

Once experiments were concluded, cells were retrieved from IPNs for RNA expression and 

flow cytometry analysis. For this purpose, media was first removed from the gels, and the 

gels were then placed directly in 5 ml of cooled PBS with 50 mM EDTA on ice. This 

mixture was pipetted and vortexed periodically to disassociate the gels. The mixture was 

then centrifuged (400 RCF, 6 min, 4°C) to separate the pellet of cells. For analysis of RNA 

expression, the cells were washed again with PBS, spun down, and the pellet was lysed 

using RNA extraction RLT buffer (RNeasy Kit, Qiagen). Alternatively, for flow cytometry, 

the cell pellet was treated with accutase stem pro for 15 minutes to break up any remaining 

adherent matrix or cell clusters and obtain a single cell suspension. Ultimately, the cells 

were stained for flow cytometry as described in the Supplementary Information.

2.8. Quantitative real time PCR

RNA extraction was performed using the RNeasy Micro and Mini kits (6 and 3 day samples 

respectively) (Qiagen). RNA was quantified using a NanoDrop ND1000 Spectrophotometer 

(Thermo Scientific). Reverse transcription was carried out with the iScript™ cDNA 

Synthesis kit (Bio Rad); 1000 ng of total RNA were used per sample. The expression profile 

of a panel of genes was assessed with the SsoAdvanced™ Universal SYBR® Green 

Supermix (Bio Rad), on a 96-well plate format and using a CFX96 real-time PCR detection 
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system (Bio-Rad) with 10 ng per well. Relative expression values were generated using ΔCt 

values normalized to GAPDH.

2.9. Preparation of gels for immunohistochemistry and immunofluorescence

For immunohistochemical staining, media was first removed from the gels and then gels 

were fixed with 4% paraformaldehyde in serum free DMEM at 37°C for 30 – 45 minutes. 

The gels were then washed 3 times in warmed PBS containing calcium (cPBS), and 

incubated overnight in 30% sucrose in cPBS at 4°C. Then the media was removed, the gels 

were embedded in OCT and frozen. Frozen gels were sectioned with a cryostat (Leica 

CM1950) to a thickness of 40 μm and stained for Vimentin, E-cadherin and PD-L1 

following standard immunohistochemistry protocols (for antibodies, see Supplementary 

Table 2). Negative controls, where the secondary antibody is added but the primary antibody 

is not, were conducted to ensure specificity of all stains.

2.10. Statistical analysis

All of the experiments were conducted in triplicate and the statistical analyses were 

performed using Prism 6 (La Jolla, California). For multiple comparison, statistical 

significance was determined using ANOVA followed by the Dunnett post-test. Data are 

shown as mean ± SD. All of the data from the PCR quantitative assays are expressed as 

means ± standard error mean (SEM). Significant differences between only two groups were 

evaluated with the 2-tailed nonparametric unpaired Mann and Whitney t test. Statistical 

significance is indicated by asterisks (*p < 0.05; **p< 0.01; ***p< 0.001; ****p< 0.0001).

3. Results

3.1. Increased stiffness of IPNs enhances tumor cell growth and invasiveness

The effect of ECM stiffness on the phenotype of the encapsulated A549 lung 

adenocarcinoma cells was first evaluated using IPNs of different stiffness (30, 80 and 310 

Pa). These values represent a range of physiological to lower-end pathological stiffness of 

the tumor stroma [8]. Proliferation, as measured by the area of cell clusters (cluster area), 

and invasiveness of the tumor cells into the ECM, as indicated by quantification of the 

circularity of the cell clusters (circularity) were monitored for up to 6 days. Both cluster area 

(Fig 1A) and invasiveness (Fig 1B) were found to increase over time in all conditions. 

However, at day 6 significant differences in both parameters were observed for cells 

encapsulated within IPNs of the highest modulus (310 Pa), as compared to those seeded in 

IPNs of the lowest modulus (30 Pa). When the cells were encapsulated within IPNs of the 

lowest modulus (30 Pa), initially single A549 cells formed organotypic glands, as indicated 

by defined round cell clusters. When stiffness of the matrix was increased, clusters exhibited 

an elongated form and cells significantly invaded the matrix (Fig 1C–D). Importantly, the 

phenotypes observed in IPNs of the highest modulus, representing the lower-end of tumor 

stroma stiffness range [46], closely resembled cells in the glands of invasive human lung 

adenocarcinomas (Fig 1E).
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3.2. Conditioned medium (CM) from macrophages of different phenotypes modifies tumor 
cell growth in IPNs of high stiffness

The effect of conditioned media obtained from different macrophage subtypes on the 

proliferation and invasiveness of A549 cells was subsequently investigated. Monocytes were 

differentiated into macrophages and then polarized to the M1, M2a, and M2c states; or left 

unstimulated (M0) (Supplementary Fig S1). Cells encapsulated within IPNs of stiffness 30 

and 310 Pa were treated on days 2 and 4 with control or conditioned media obtained from 

macrophages of different subtypes (Fig 2). At the lowest stiffness (30 Pa), tumor cells 

responded differently in terms of proliferation (cluster area), following treatment with M0 

and M2c conditioned media compared to control medium (Fig 2A). Regarding invasiveness 

(cluster circularity), cells showed a similar profile irrespective of the type of conditioned 

medium (Fig 2B). In IPNs with high stiffness (310 Pa), cluster area significantly increased in 

cells treated with conditioned medium from M2c macrophages compared to control 

medium. Conditioned media from M0 macrophages significantly inhibited tumor cell cluster 

proliferation (Fig 2C). Accordingly, the circularity of cell clusters treated with M0 

conditioned medium was higher, but not significantly, as compared to the control (Fig 2D).

3.3. Higher stiffness maintains tumorigenic phenotype in the presence of M2c macrophage 
CM, by increasing expression of genes associated with EMT

Next, tumor cells growing in IPNs that were treated with M0 or M2c macrophage-

conditioned media were harvested after 6 days in order to perform qPCR analysis. Relative 

expression of EMT-related genes was then analyzed (Figure 3). In IPNs of lower modulus 

(30 Pa), tumor cells showed a similar gene expression profile irrespective of the conditioned 

medium with which they were treated (Fig 3A). In contrast, in high stiffness IPNs (310 Pa), 

gene expression was strongly influenced in cells treated with conditioned media collected 

from M2c macrophages. The expression of CDH2, MYC and TWIST1 was significantly 

increased in relation to cells treated with conditioned media from M0 macrophages (Fig 3B).

3.4. Co-culture with tumor cells induces the polarization of M0 macrophages towards a M2 
phenotype in IPN co-cultures

To explore the potential interplay between tumor cells and macrophages, monocytes were 

differentiated to M0 and M2c macrophages (CD163−/CD45+ and CD163+/CD45+, 

respectively) and co-cultured with tumor cells in IPNs of low (30 Pa) and high (310 Pa) 

stiffness (Fig 4). The influence of tumor cell co-culture (CC) and matrix stiffness on the 

phenotype of the macrophages was then examined by harvesting cells from IPNs after 3 and 

6 days of culture, and analyzing the expression of different surface markers. M0 and M2c 

macrophages seeded in IPNs as mono-cultures (MC) were analyzed as controls. The 

expression of CD45, a hematopoietic cell marker, was used to define the population of 

macrophages and differentiate them from the tumor cells within the co-cultures (CC). The 

initial phenotype of M0 and M2c macrophages was assessed before seeding the IPNs (Fig 

S4).

When originally M0 macrophages (CD45+/CD163−) were co-cultured with tumor cells at 

high stiffness (310 Pa), a small percentage of cells ultimately expressed the CCR7 receptor 

(M1 marker). In contrast, a significant increase was observed in the percentage of cells 
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expressing M2 markers (CD206 and CD163) when co-cultured with tumor cells after 3 and 

6 days (Fig 4A). When M2c macrophages (CD45+/CD163+) were co-cultured with tumor 

cells, a significant subset (~20%) subsequently expressed the M1 marker CCR7 after 3 and 6 

days. The percentage of cells expressing the M2a marker CD206 was only increased after 3 

days in culture. Interestingly, the percentage of cells expressing the M2c marker CD163 

decreased significantly in mono-cultures, to 20 and 10% at days 3 and 6, but remained 

around 50% in the co-cultures with tumor cells in IPNs, after 6 days of culture (Fig 4B).

Changes in the expression of macrophage surface markers were also analyzed in IPNs of 

low stiffness. However, matrix stiffness did not seem to have a strong effect on shaping the 

phenotype of originally M0 and M2c macrophages in this model (Fig 4 C–D).

3.5. Matrix stiffness and M2c macrophages jointly modulate the expression of specific 
EMT-related genes in A549 cell clusters

The next experiment evaluated if the co-culture of tumor cells with macrophages of different 

phenotypes, together with the matrix stiffness, could regulate the EMT process. A549 tumor 

cells were co-cultured (CC) with either M0 or M2c macrophages, in IPNs of low (30 Pa) and 

high (310 Pa) stiffness, for 3 and 6 days. Mono-cultures (MC) of A549 cells, seeded in IPNs 

of 30 and 310 Pa, were used as controls.

Vimentin expression (VIM), a mesenchymal marker typically upregulated in cells 

undergoing EMT [47], increased after 3 and 6 days of culture, when tumor cells were co-

cultured with macrophages, irrespective of the initial macrophage phenotype (Fig 5A and 

S5A). A marked effect of the stiffness was also observed in both tumor cell mono-cultures 

and co-cultures, as upregulation of VIM was more pronounced at high stiffness (310 Pa). In 

M2c cultures, the upregulation of VIM was only observed in the co-cultures at high stiffness 

(310 Pa), irrespective of the time (Fig 5A).

The expression of E-Cadherin (CDH1), an epithelial marker critical for cell adhesion and 

downregulated during EMT [48], was influenced by both the phenotype of the macrophages 

and the stiffness (Fig 5B and S5B). CDH1 was downregulated when tumor cells were co-

cultured with M2c macrophages (Fig 5B), but not with M0 macrophages (Fig S5B). 

Moreover, a further reduction in the expression of CDH1 was observed when tumor cells 

and M2c macrophages were cultured in an IPN of high stiffness. This reduction was also 

observed after 6 days in culture. (Fig 5B).

The expression of PD-L1, an immune checkpoint molecule recently related to the EMT 

process in different types of cancer [49–51], was only upregulated in tumor cells growing 

with initially M2c macrophages, in a stiffness dependent manner, after 3 days of culture. 

These effects were also observed after 6 days in co-culture at high stiffness (Fig 5C).

To further validate the gene expression results, protein expression for Vimentin, E-cadherin, 

and PD-L1 was analyzed by immunofluorescence in M0 and M2c co-cultures (CC). 

Alterations of the protein levels of these EMT markers were in general agreement with the 

findings of qPCR analysis of M0 (Fig S5) and M2c co-cultures (Fig 5) after 3 days and 6 

days in culture. An increase in the expression levels in cells staining positive for Vimentin 

Alonso-Nocelo et al. Page 8

Biofabrication. Author manuscript; available in PMC 2019 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was observed regardless of the initial macrophage phenotype after 3 days (Fig 5D and S5D), 

but was only observed in M2c co-cultures after 6 days. In contrast, a decrease in the 

expression levels of E-cadherin was observed only when tumor cells were co-cultured with 

M2c macrophages. This downregulation was slightly observed after 6 days in culture (Fig 

5D). PD-L1 expression levels were increased in both M0 and M2c co-cultures in a stiffness 

dependent manner after 3, and especially after 6 days in M2c co-cultures (Fig 5D).

4. Discussion

We utilized a hydrogel system of varying stiffness for co-culture of tumor cells and 

macrophages, to determine their influence on the EMT process. The first set of studies, 

examining the impact of stiffness in the absence of macrophages, demonstrated that changes 

in ECM stiffness enhance proliferation and the invasive phenotype of A549 lung 

adenocarcinoma cells. A particular range of stiffness (30-310 Pa that translate to ~ 0.1-1 kPa 

Young’s modulus) was selected as it is relevant to the transition from healthy to malignant 

lung tissue [52,53]. Normal human lung parenchyma elastic modulus has been measured at 

0.44 to 7.5 kPa, depending on the region [54,55]. According to this, stiffness could be 

further increased by modifying the polymer concentration, molecular weight and calcium 

concentration, to explore the effects of a greater range in future studies. In contrast to 

previous models [56,57,36,37], this approach allowed us to evaluate matrix stiffness itself as 

a biophysical regulator of the cell phenotype, without affecting pore structure or matrix 

composition. These findings agree with previous results using this model to evaluate the 

induction of a malignant phenotype in normal mammary epithelium [44].

Conditioned media from macrophages of different phenotypes modified tumor cell growth 

only in IPNs of high stiffness. M0 conditioned medium inhibited cell proliferation whereas 

M2c macrophages medium enhanced it, and modulated the expression of EMT-related genes 

in IPNs of high stiffness. Cell cluster area analysis, as a proxy for cell growth, showed that 

conditioned media from M0 and M2c macrophages have differential effects on tumor cells 

growing in IPNs of high stiffness. Invasiveness, as shown by cell cluster circularity, was 

mainly affected by matrix stiffness, regardless the type of conditioned media (Fig S3). 

Moreover, the analysis of EMT-related genes confirmed that the effect of the conditioned 

media was dependent on the matrix stiffness. At low stiffness, changes in the expression of 

EMT-related genes were not observed regardless of the macrophages conditioned media. On 

the other hand, at high stiffness, treatment with M2c conditioned media upregulated genes 

involved in proliferation and invasiveness (CDH2, MYC and TWIST1). These results 

suggest that in comparison to M0 macrophages, soluble cues secreted by M2c macrophages, 

significantly contribute together with matrix stiffness, to the development of a mesenchymal 

phenotype, promoting the metastatic process. Previous in vitro studies have shown that 

tumor-infiltrating cells such as lymphocytes and TAMs, produce a myriad of signaling 

molecules and cytokines that promote tumor development and progression [58–61]; 

however, these studies did not consider the impact of the surrounding matrix stiffness.

Co-culture with tumor cells induced the alternative activation of M0 macrophages towards 

an M2-like phenotype, independently of the matrix stiffness. This polarization switch was 

not observed in macrophages growing in mono-culture, suggesting an activation mediated by 
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direct contact or factors secreted by the tumor cells. On the other hand, the expression of 

M2c markers strikingly decreased in the mono-cultures of initially M2c macrophages 

compared to the co-cultures. It is important to highlight that not all the cells that were 

polarized prior seeding, assumed a M2c phenotype during the process (Fig S4). These 

results are consistent with previous observations in lung [62] and breast [16,63] cancer co-

cultures with macrophages. A549 cells are also known to produce specific cytokines in vitro 

when co-cultured with macrophages that promote M2 polarization [62]. Although matrix 

stiffness did not shape macrophage phenotype in our studies, it has been reported that 

macrophages modify their adhesion properties and pro-inflammatory cytokine release 

profile when cultured on stiff substrates [64–66].

M2c polarized macrophages, when present in co-culture, jointly contributed with ECM 

stiffness to regulate the expression of EMT markers. Co-culturing originally M0 or M2c 

macrophages with tumor cells induced differential expression of EMT-related genes, but 

changes were stiffness-dependent and mostly appreciated in M2c co-cultures up to 6 days. 

Previous studies have shown that interactions with macrophages can enhance invasiveness, 

chemoresistance, and alter gene expression profiles in lung cancer cell lines in co-culture 

[45,67]. Indeed, certain macrophages phenotypes secrete different enzymes such as matrix-

metalloproteinases (MMPs) capable of degrading the ECM, altering stiffness and 

composition, allowing cells to spread and detach from the tumor [60,68,69]. Recently, 

spheres composed of tumor cells and macrophages were grown embedded in Matrigel to 

study macrophage-dependent tumor cell invasion; however, matrix stiffness or changes in 

the phenotype of macrophages were not investigated [70,71].

This study highlights the importance of both mechanical and soluble cues in tumor 

progression. Our findings demonstrate how the mechanical properties of the tumor 

microenvironment can affect tumor cell growth and EMT, while also impacting how tumor 

cells regulate and are affected by macrophages. Overall, this data supports the influence of 

matrix stiffness and macrophages phenotype in the behavior of tumor cells in three-

dimensional matrix environments.

5. Conclusions

Altering matrix stiffness enhanced tumor cell growth and invasiveness in 3D culture of A549 

lung adenocarcinoma cells. Treatment of tumor cell clusters growing in IPNs of high 

stiffness with conditioned media from macrophages of different phenotypes significantly 

affected growth of tumor cell clusters. Co-culture of tumor cells and M0 macrophages led to 

an alternative activated M2-like phenotype. Matrix stiffness and M2c tumor-associated 

macrophages jointly regulated the invasive potential of tumor cells in vitro. Altogether, these 

findings suggest that although matrix stiffness is considered a key factor in the induction of 

the EMT process, the contribution of other components of the TME such as tumor 

associated macrophages may be particularly relevant and therefore, should also be 

considered.
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Figure 1. Increased stiffness of ECM enhances the growth and invasive phenotype in A549 cells
Quantification of (A) cluster area and (B) invasiveness of cell clusters, as a function of time 

and stiffness in cells encapsulated in hydrogels of low (30 Pa), intermediate (80 Pa) and high 

(310 Pa) stiffness. Data shown as mean ± SD. ** p value < 0.01, * p value < 0.05 compared 

to 30 Pa. (C) Bright-field images of A549 clusters in IPNs of the same stiffness at day 6. 

Scale bar 10 μm. (D) Confocal immunofluorescence imaging of F-Actin from cryosections 

of A549 clusters in IPNs with moduli of 30, 80 and 310 Pa at day 6. DAPI staining is in 

blue. Scale bar 50 μm. E) H&E staining of two human NSCLC adenocarcinoma lung tissue 

samples. Invasive glands are indicated.
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Figure 2. Conditioned medium (CM) from different macrophages phenotypes modifies tumor 
cell growth in IPNs of high stiffness
Quantification of cluster area (A and C) and circularity (B and D) of A549 cell clusters 

treated with control and macrophages conditioned media (CM) from cultures of different 

macrophage subtypes (M0, M1, M2a and M2c), as a function of stiffness (30 and 310 Pa) 

and time. Times at which CM was added to A549 cultures is indicated with arrows. Data 

shown as mean ± SD. **** p value <0.0001, ** p value < 0.01, * p value < 0.05 compared 

to control medium (Ctrl).
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Figure 3. Higher stiffness maintains tumorigenic phenotype in the presence of M2c CM, by 
increasing expression of genes associated with EMT
Relative gene expression of A549 tumor mono-cultures in (A) 30 Pa (low) and (B) 310 Pa 

(high) stiffness IPNs treated with conditioned media (CM) from M0 and M2c macrophages. 

CM was added at days 2 and 4 of culture. Gene expression analyzed at day 6. All data are 

shown as mean ± SD. *p < 0.05 compared to M0 CM.
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Figure 4. Co-culture with tumor cells induces the polarization of M0 macrophages towards an 
M2-like phenotype
Macrophages were harvested from M0 (A–C) and M2c (B–D) mono-cultures (MC) and co-

cultures (CC) with tumor cells. Cells were harvested and analyzed at day 3 and 6. Changes 

in cell surface marker expression in the various conditions were determined by flow 

cytometry analysis. The percentage of CD45+ cells expressing CCR7+ (M1 marker), 

CD206+ (M2a marker), and CD163+ (M2c marker) is shown as mean ± SD. (****p < 

0.0001; ***p < 0.001; **p < 0.01; *p < 0.05). (C–D) Scatter plots show individual data 

points representing the percentage of CD45+ cells (CCR7, CD206 and CD163 +) as a 

function of stiffness.
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Figure 5. Matrix stiffness and M2c macrophages jointly regulate the expression of EMT-related 
genes
Relative gene expression of Vimentin (A), E-cadherin (B) and PD-L1 (C) in tumor cells 

mono-cultures (MC) and co-cultures (CC) of tumor cells with initially M2c macrophages, 

growing in IPNs of low (30 Pa) and high (310 Pa) stiffness after 3 and 6 days. Statistically 

significant differences are noted (*** p value < 0.001**; p value < 0.01; * p value < 0.05 

compared to 30 Pa, # compared to mono-cultures (MC). (D) Representative micrographs of 

confocal immunofluorescence imaging of EMT-related markers Vimentin, E-Cadherin and 

PD-L1 in cross-sections of co-cultures (CC) of tumor cells and M2c macrophages, in IPNs 

of low (30 Pa) and high (310 Pa) stiffness after 3 and 6 days. DAPI staining is shown in 

blue. Scale bars are 50 μm.
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