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As part of the first line of defense against pathogens, macrophages possess the ability to differentiate into divergent phenotypes with varying functions. The process by which these cells change their characteristics, commonly referred to as macrophage polarization, allows them to change into broadly pro-inflammatory (M1) or anti-inflammatory (M2) subtypes, and depends on the polarizing stimuli. Deregulation of macrophage phenotypes can result in different pathologies or affect the nature of some diseases, such as cancer and atherosclerosis. Therefore, a better understanding of macrophage phenotype conversion in relevant models is needed to elucidate its potential roles in disease. However, there are few existing probes to track macrophage changes in multicellular environments. In this study, we generated an eGFP reporter cell line based on inducible nitric oxide synthase (iNos) promoter activity in RAW264.7 cells (RAW:iNos-eGFP). iNos is associated with macrophage activation to pro-inflammatory states and decreases in immune-suppressing ones. We validated the fidelity of the reporter for iNos following cytokine-mediated polarization and confirmed that reporter and parental cells behaved similarly. RAW:iNos-eGFP cells were then used to track macrophage responses in different in vitro breast cancer models, and their re-education from anti- to pro-inflammatory phenotypes via a previously reported pyrimido(5,4-b)indole small molecule, PBI1. Using two mouse mammary carcinoma cell lines, 4T1 and EMT6, effects on macrophages were assessed via conditioned media, two-dimensional/monolayer co-culture, and three-dimensional spheroid models. While conditioned media derived from 4T1 or EMT6 cells and monolayer co-cultures of each cancer cell line with RAW:iNos-eGFP cells all resulted in decreased fluorescence, the trends and extents of effects differed. We also observed decreases in iNos-eGFP signal in the macrophages in co-culture assays with 4T1- or EMT6-based spheroids. We then showed that iNos production is enhanced in these cancer models using PBI1, tracking increased fluorescence. Collectively, this work demonstrates that this reporter-based approach provides a facile means to study macrophage responses in complex, multicomponent environments. Beyond the initial studies presented here, this platform can be used with a variety of in vitro models and extended to in vivo applications with intravital imaging.
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1 Introduction

Macrophages are cells of the innate immune system that play important roles in fighting infections and supporting tissue development, maintenance, and remodeling (1, 2). They reside in tissues, body cavities, and mucosal surfaces (including but not limited to the lungs, spleen, skin, heart, kidney, and peritoneum), and contribute to both homeostasis and disease (3). These cells are described as being “plastic,” which refers to their capacity to alter their phenotypes in a process known as macrophage polarization (Figure S1) (4, 5). This process is dictated by surrounding pathogens or cytokines that influence macrophage phenotypes and responses.

Macrophages can respond to both innate and foreign pro-inflammatory signals, including cytokines, such as interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α), or lipopolysaccharides (LPS), respectively. These result in immune-stimulating, or classically activated macrophage phenotypes, commonly referred to as M1 (4). This subtype of macrophages is capable of killing pathogens and eliminating tumor cells via enhanced phagocytosis and generation of reactive oxygen and nitrogen species (ROS and RNS, respectively) (6). Previous studies in murine primary macrophages showed that M1 macrophages are characterized by increased expression of toll-like receptor 2 (Tlr-2) (7), intracellular adhesion molecule 1 (Icam1) (8), Tnf-α (9), and inducible nitric oxide (iNos) (10), and have decreased expression of mannose receptor (MR/Cd206) (11), early growth response protein 2 (Egr2/Krox20) (12, 13), cluster of differentiation 36 (Cd36) (14) and neuropilin 1 (Nrp1) (15).

At the other end of the spectrum, macrophages can assume roles associated with immune suppression and wound-healing responses. When macrophages are stimulated with interleukin 4 (IL-4), interleukin 10 (IL-10), interleukin 13 (IL-13), or other anti-inflammatory cytokines (described further below), they adopt an immune-suppressive M2 subtype (16). Compared to the M1 phenotype, these have been shown to exhibit opposite patterns of expression of the aforementioned polarization markers. Due to their complexity, M2 macrophages may be further classified into M2a, M2b, M2c, and M2d/tumor-associated macrophage (TAM) categories. Each subtype results from the presence of specific cytokines, and while some characteristics are shared, others are unique (5, 17).

Macrophages can be re-educated from one phenotype to another when the conditions in their surrounding environments change (18). In various cancers, tumor cells can convert undifferentiated (M0) or M1 macrophages into the M2d/TAM phenotype by secreting anti-inflammatory cytokines, including IL-4, IL-10, IL-13, and others (10, 12, 19). TAMs have been shown to aid in multiple aspects of cancer, including tumor growth, angiogenesis, remodeling of the tumor microenvironment, invasion, and establishment and maintenance of metastases (19). Macrophages have been shown to be involved in several types of cancer, including breast, lung, gastric, colorectal, and pancreatic cancers, with these cells sometimes contributing up to 50% of the tumor mass (20). Studies have also shown that high infiltration of TAMs in tumor tissues are correlated with poor patient prognoses (21, 22). Due to their implications in cancer and potential to act against it, macrophages have been identified as potential immunotherapeutic targets, as they can be reprogrammed to combat tumor growth (6, 23). Therefore, it is important to gain a better understanding of the interactions between cancers and macrophages, and their outcomes.

To further elucidate their roles in the context of cancer, various techniques have been used for tracking macrophage behavior in in vitro and in vivo cancer models. Real Time Polymerase Chain Reaction (RT-PCR), for instance, is a technique used to identify macrophage phenotypes in vitro based on the expression of phenotype-associated markers. However, this technique is labor intensive and expensive, it requires use or isolation of a single cell type, typically provides average mRNA expression levels, and is not conducive to tracking changes over time (24). Enzyme-linked immunosorbent assays (ELISAs), are similarly time-consuming and expensive, and require single cell types to be able to assess which cells produce particular markers, resulting in population-level data (25). Immuno-staining (26) and flow cytometry (27) are both able to provide data for individual cells, but like RT-PCR, are limited to evaluations at single time points, and macrophage-specific markers must be used to differentiate them from other cell types. In vivo, some of the most commonly used methods for tracking macrophages are optical and bioluminescence imaging (BLI) and intravital microscopy, which require luminescent or fluorescent probes for macrophage labeling. Traceable entities typically include genetic reporters (e.g., detectable proteins) or chemical probes (e.g., fluorescent dye-conjugates)) (28). These techniques facilitate the tracking of macrophages in vivo, but fail to track phenotypic changes in the cells. Given the limitations of current methods, there is a need for novel approaches to track macrophages in multi-cellular environments and to visualize their phenotypic changes in real time.

Various platforms have been used to study the effects of cancers on macrophages. While some are more physiologically relevant than others, the mode of assessing phenotypic markers is often the dictating factor. The most commonly utilized models include exposing macrophages to cancer cell-derived conditioned media (29), co-culturing them with cancer cells in a monolayer (30), or more complex experimental designs, such as tumor spheroids or other in vitro 3D models (31). Conditioned media refers to a collection of secreted signaling proteins (secretome) from cells of interest, and is commonly used to study the effects of cancer on macrophages and other immune cells (32–35). While it is compatible with most of the techniques described above (since only a single population of cells is present), it excludes cell-to-cell interactions, which play key roles in diseases such as cancer. Macrophages and other cell types are able to influence one another in both two- and three-dimensional, or 2D and 3D, co-cultures. In the 2D model, cells grow in a monolayer, typically attached to a plastic surface (36–38). This method is useful for studying cell-to-cell interactions, is simple to maintain, and is amenable to functional tests (e.g., phagocytosis of cancer cells by co-cultured immune cells) (39). However, 2D cultures can induce alterations in cell morphology, polarity, and method of division, among other limitations (37, 38).

3D cultures, where cells grow in three dimensions (40), better represent cell-to-cell and cell-to-extracellular environment interactions, morphology and cell division, and permit access to oxygen, nutrients, metabolites, and signaling molecules or cytokines (37, 41, 42). The use of 3D co-cultures is also highly relevant, since the characteristics of cells and their responses, including to drugs, can differ based on whether they are cultured in two versus three dimensions (42). Yet in both cases, while the cellular environments are more realistic, the means of assessing macrophage polarization becomes more difficult. To overcome these challenges, we generated a reporter cell line to track the expression of a phenotype-associated marker in relevant disease models over time and following drug treatment.

Here we describe the generation of a fluorescent macrophage phenotype reporter cell line (RAW:iNos-eGFP) based on the polarization-associated marker iNos. We validated the use of these cells to study polarization by subjecting them to established polarization factors and comparing their phenotypes to the parental cell line. The reporter cells were then used to monitor macrophage responses in different in vitro breast cancer models, and their re-education from anti- to pro-inflammatory phenotypes via a previously reported Tlr4-agonist, PBI1 (43). Effects of 4T1 and EMT6 cell lines on macrophages were assessed via conditioned media, two-dimensional/monolayer co-culture, and three-dimensional spheroid models. While conditioned media derived from 4T1 or EMT6 cells and monolayer co-cultures of each with RAW:iNos-eGFP cells resulted in decreased fluorescence, the trends and extents of effects differed. We also observed a decrease in iNos-eGFP signal in the macrophages in 3D culture assays with 4T1- or EMT6-based spheroids. We then showed that we are able to induce an increase in iNos production, even in the presence of 3D, M2-polarizing cancer models using PBI1. Taken together, we demonstrate that this reporter-based approach provides an easier and more efficient means to study macrophage responses in more relevant and complex, multicomponent environments. Our findings suggest that it is a powerful tool can be used to study polarization responses in in vitro models and extended to use in vivo.




2 Materials and methods



2.1 Cell culture

Murine RAW264.7 macrophages and 4T1 and EMT6 murine mammary carcinoma cells were purchased from American Type Culture Collection (ATCC). Human embryonic kidney (HEK293) cells were obtained from Prof. D. Joseph Jerry (Veterinary and Animal Sciences, UMass Amherst). All cell lines, including RAW:iNos-eGFP, were cultured at 37°C under a humidified atmosphere containing 5% CO2. Standard growth media consisted of high glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Corning), 1% L-Glutamine (200 mM, Gibco) and 1% antibiotics (100 μg/ml penicillin and 100 μg/ml streptomycin, Gibco) – herein referred to as complete DMEM. Under the above culture conditions the cells were sub-cultured approximately once every 3-4 days and only cells between passages 7 and 20 were used for all experiments.




2.2 Macrophage polarization

To polarize macrophages for fluorescence activated cell sorting (FACS), cells were plated in a T75 culture flask and grown at 37°C under a humidified atmosphere containing 5% CO2 to confluence prior to polarization. Once confluent, culture media was removed and replaced with media containing either 50 ng/mL interleukin 4 (IL-4; BioLegend) for 48 h to generate M2 macrophages or 50 ng/mL interferon-gamma (IFN-γ; BD Biosciences) and 50 ng/mL of lipopolysaccharide (LPS; Sigma Aldrich) for 24 h for M1 macrophages. For confocal microscopy and RT-PCR experiments, cells were plated in three biological replicates in an 8-well Lab-Tek II chambered cover-glass system plate (Nunc) or 24-well plates at a density of 100,000 cells/well in 500 µL of media and incubated at 37°C under a humidified atmosphere containing 5% CO2. Non-treated macrophages (M0; grown in complete DMEM only) were used as controls. To generate M2 macrophages, 24 h after plating, the media was removed and replaced with complete DMEM media containing 50 ng/mL IL-4 and incubated for an additional 48 h at 37 °C under a humidified atmosphere containing 5% CO2. To generate M1 macrophages, culture media was removed and replaced with complete DMEM containing 50 ng/mL IFN-γ and 50 ng/mL of LPS 48 h after plating and incubated for an additional 24 h. 72 h after plating (48 h after treatment with M2 cytokines and 24 h after treatment with M1 cytokines), cells were used further in experiments as indicated.




2.3 RNA extraction and cDNA conversion

Cells were lysed, and approximately 1.5 μg RNA was harvested from each well using the PureLink RNA Mini Kit (Ambion) following the manufacturer’s instructions. To convert RNA to complementary DNA (cDNA), 1 µL of 50 μM random hexamers (Applied Biosystems) and 1 µL of 10 mM dNTPs (Thermo Scientific) were added to 11 µL of RNA and heated at 65°C for 5 min for annealing. Then, 1 µL/sample of 40 U/μL RNaseOut (Invitrogen), 1 µL/sample of 200 U/μL SuperScript IV Reverse Transcriptase (Invitrogen), 1 µL/sample of 100 mM DTT (Invitrogen), and 4 µL/sample of 5x Super Script IV buffer (Invitrogen) were added and amplification proceeded at 53°C for 10 min and melting at 80°C for 10 min. The resulting cDNA was frozen at -20°C and used for RT-PCR experiments within 1 week. RNA and cDNA were quantified using a NanoDrop 2000 (Thermo Fisher). RNA and cDNA contamination and integrity were assessed by analyzing the A260/A280 ratio, where ratios greater 1.8 for DNA and 2.0 for RNA were considered pure.




2.4 Quantitative RT-PCR

RT-PCR was performed on the cDNA generated using a CFX Connect real-time system (Biorad) with iTaq Universal SYBR Green Supermix (Biorad). All DNA primers were purchased from Integrated DNA Technologies. The following primer sequences were used: β-actin (forward) 5’-GATCAGCAAGCAGGAGTACGA-3’, (reverse) 5’-AAAACGC-AGCGCAGTAACAGT-3’; iNos (forward) 5’-GTTCTCAGCCCAACAATACAAGA-3’, (reverse) 5’-GTGGACGGGTCGATGTCAC-3’.

The reaction mixtures included 200 nM of each primer, 100 ng of cDNA, 10 μL SYBR green supermix, and H2O to a final volume of 20 μL. Analyses were performed as follows: the samples were first activated at 50°C for 2 min, then 95°C for 2 min. Denaturing occurred at 95°C for 30 s followed by annealing at 58°C; the denature/anneal process was repeated over 40 cycles. Relative gene expression was determined by comparing the Ct value of the gene of interest to that of the β-actin housekeeping gene, by the 2ΔΔCt method (44). Three biological replicates were performed for each treatment condition and three technical replicates were used for each biological replicate. Data was analyzed using CFX Manager 3.1 software (Biorad). Cq values were generated by using the point at which the sample fluorescence value exceeded the software’s default threshold value. Each sample was normalized to the non-treated control.




2.5 Molecular cloning of iNos-eGFP lentiviral plasmid

To construct the lentiviral iNos-eGFP reporter construct, a plasmid containing the promoter region of Mus musculus iNos was obtained from Addgene (pGL2-NOS2 Promoter-Luciferase – Plasmid # 19296 from Charles Lowenstein) (45). The following primers were designed and used to amplify the promoter for the gene of interest and incorporate XhoI and BamHI sites at the 5’ and 3’ ends, respectively, underlined): iNos-XhoI (forward) 5’-CCGCTCGAGCGGCGAGCTCTTACGCGGACTTT-3’ and iNos-BamHI (reverse) 5’-CGCGGATCCGCGTTTACCAACAGTACCGGAAT-3’. PCR was performed using Phusion High Fidelity Master Mix (New England Biosciences (NEB)) using optimized conditions (higher temperatures for annealing/extension of 72°C) due to the high GC content of the primers. Following purification, the resulting ~1.3 kb fragment was subcloned into the pRRLSIN.cPPT.PGK-GFP.WPRE lentiviral vector (Addgene plasmid # 12252 from Didier Trono). Both the PCR product and the recipient plasmid were digested with XhoI and BamHI (NEB) according to manufacturer’s protocols, followed by purification. Ligations were performed using T4 ligase (NEB) according to manufacturer’s protocols. Ligation mixtures were then transformed into STBL3 bacteria (Thermo Fisher) by electroporation and plated for overnight (approximately 18 h) growth in ampicillin-containing agar plates at 37°C. Single colonies were then picked and transferred into 5 mL of LB media with ampicillin for further expansion in a shaker incubator at 37°C. 12 h later, the 5 mL culture was diluted to 50 mL using LB media containing ampicillin, and returned to the incubator for overnight growth. Sanger sequencing was performed by GeneWiz to confirm the final construct.




2.6 Generation of stable RAW:iNos-eGFP cells – lentiviral transductions

HEK293T cells were seeded in 60 mm culture dishes and transiently transfected with 3 μg psPAX2 packaging plasmid, 2 μg pMD2G envelope plasmid (both from Prof. D. Joseph Jerry, Veterinary and Animal Sciences, UMass Amherst), and 5 µg iNos-eGFP reporter constructs generated above, using Lipofectamine 3000 (Thermo Fisher Scientific), according to the manufacturer’s instructions. Lentiviral particles were harvested from the supernatant 48 h after DNA-lipid complexes were added to cells. The virus-containing supernatant was passed through a 0.45 µm filter. Equal volumes of lentivirus-containing supernatant and complete DMEM containing 4 µg/mL polybrene (Sigma) were combined. Confluent RAW264.7 cells grown in T25 flasks were treated with 6 mL of lentivirus-containing media. Infections were performed every 12 h over 48 h (total of 4 infections), after which the medium was replaced with complete DMEM, and the cells were allowed to recover, grow, and expand for 2-3 days to ensure a viable population. Cells were then prepared for sorting of positive cells as described below.




2.7 Fluorescence activated cell sorting of RAW:iNos-eGFP

To ensure a homogenous population, cells were sorted twice under different polarizing conditions. For the first sorting, cells were exposed to M1-polarizing cytokines for 24 h (described above) to induce an M1 phenotype. After 24 h, cells were detached from the cell culture flask; 5-7 x 106 cells were resuspended in 3 mL of FACS buffer [4% FBS in phosphate buffered saline (PBS, Gibco)] and sorted at the University of Massachusetts Amherst Flow Cytometry Core Facility using a BD FACSAria Fusion (Becton Dickinson). The instrument was configured with 4 lasers (405 nm, 488 nm, 561 nm, 640 nm), and a 100 µm nozzle size was used for sorting. Of 2.18 x 106 positive cells, the top 20.6% of the cells with the highest fluorescence signal (436,000 cells with ~98% purity) were selected. These were plated in T25 flasks for recovery, expansion, and further sorting. For the second sorting, cells were then treated with M2 cytokines for 48 h. Once polarized, 5-7 x 106 cells were resuspended in FACS buffer and sorted using the same instrument and configuration from the first. Of 3.7 x 106 positive cells, the bottom 10.5% of the cells with the lowest fluorescence signal (370,000 cells with ~98% purity) were selected and plated in T25 flasks for further expansion and use.




2.8 Confocal microscopy

For acquisition of cell morphology and fluorescence images, RAW:iNos-eGFP cells were plated in 8-well Lab-Tek II chambered cover-glass system plates (Nunc) at a density of 100,000 cells/mL in 500 µL (50,000 cells/well) and allowed to adhere overnight. All treatments of RAW:iNos-eGFP cells were performed 24 h after being plated. Cells were imaged every 24 h for up to 72 h depending on the experiment. After polarization as described above, cells were imaged using a Nikon Ti-E C2 confocal microscope at 10x magnification. ImageJ/Fiji software was used for the quantification of fluorescence of the confocal images on a per-cell basis via thresholding method (46, 47). Each experimental group was reproduced with three biological replicates, for which a single image was acquired for each that included between ~100-1000 cells for which the integrated fluorescence intensity (mean fluorescence X area of the cell) was defined.




2.9 Generation of conditioned media

Cells were cultured and passaged at least once before being used to generate conditioned media. The procedure used to generate 4T1- and EMT6-conditioned media follows a previously established protocol (48). Briefly, cells were cultured in T175 flasks with complete DMEM until they became >90% confluent. At that point, the media was replaced with complete DMEM media and cells were cultured for an additional 7 days. On day 7, the media was collected and filtered through a 0.45 µm syringe filter and stored at -20°C. For the experiments described here, it was used within the first six months.




2.10 Treatment with 4T1 or EMT6 conditioned media

RAW:iNos-eGFP cells were plated in 8-well Lab-Tek II chambered cover-glass system plates at a density of 50,000 cells/well in 500 µL complete DMEM and allowed to adhere overnight at 37°C, 5% CO2. After 24 h, the culture media was removed and replaced with 40% conditioned media from 4T1 or EMT6 cells and 60% complete DMEM. Cells were incubated with conditioned media for 48 h at 37°C, 5% CO2 and were then assessed via confocal microscopy.




2.11 Spheroid generation

Using the hanging drop technique (49), 10 µL-droplets of a 106 cell/mL-solution of 4T1 or EMT6 cells were added to a 60 mm petri dish lid, and 3-4 mL of PBS was added to the bottom of the petri dish. The lids were immediately inverted and placed atop the dishes containing the PBS reservoir. The cells were then incubated at 37°C at 5% CO2 for 3-4 days to allow seeds to form. The seeds (typically between 5-15 per plate) were individually transferred from the 10 µL hanging drops using a 100 µL-pipette tip (with the tip cut off) to a 25 mL-round bottom flask containing 5 mL of complete DMEM. Flasks were placed on a platform shaker within a cell culture incubator and grown at 37°C at 5% CO2 with shaking at 150 rpm for an additional 3-4 days. Spheroids were subsequently drawn from the flask and used directly in the respective experiments.




2.12 Two- and three-dimensional co-cultures

For two-dimensional (2D) co-cultures, RAW:iNos-eGFP cells were concurrently plated with 4T1, and separately, EMT6 breast cancer cells at a 1:1 ratio, 250 µL of each for a total of 500 µL, in complete DMEM using 8-well Lab-Tek II chambered cover-glass system plates. For three-dimensional (3D) co-cultures, 50,000 RAW:iNos-eGFP cells in 500 µL complete DMEM were plated in 8-well Lab-Tek II chambered cover-glass plates, and allowed to adhere overnight. 24 h after plating, a single spheroid in 20 µL complete DMEM was added to the macrophage monolayer using a 100 µL-pipet and imaged immediately following. Images were acquired every 24 h for up to 72 h for both 2D- and 3D co-culture experiments. Experiments were performed in biological triplicates.




2.13 Small molecule (PBI1) treatment

For experiments involving treatment with pyrimido(5-4b)indole (PBI1, synthesized as previously described) (43), a 5 mg/mL stock solution of PBI1 dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) was prepared. Cell treatments were then prepared by adding 2 µL of PBI1 stock solution per 500 µL of cell culture media for a final dosing concentration of 20 µg/mL of PBI1 and 0.4% DMSO. Media in 8-well chambered cover-glass plates containing cells was removed and replaced with 500 µL of PBI1-containing media (20 µg/mL) for 24 h prior to analysis.





3 Results and discussion



3.1 Generation and Validation of RAW:iNos-eGFP Cell Line

In order to generate cell-based reporters that could be used easily and consistently, we elected to use immortalized cells for our system. RAW264.7 cells are commonly used as a model for macrophages (50). We first confirmed similar expression profiles of the candidate marker, iNos, between RAW264.7 and primary bone derived macrophages (BMDMs). Both cell types were assessed under non-polarized (M0), and immune-activating (M1) and –suppressing (M2) states. We found that while the ratios of iNos levels between phenotypes varied between the primary and immortalized cells, the trends of iNos being substantially higher for M1 and slightly lower for M2, respective to M0, were similar (Figure S2).

After verifying our marker for use as a reporter, molecular cloning methods were used to generate a lentiviral plasmid for enhanced green fluorescent protein (eGFP) expression under the control of the iNos promoter sequence. This construct was stably transfected into RAW264.7 cells to yield the RAW:iNos-eGFP reporter cell line. We anticipated that the reporter cell line would increase in fluorescence when adopting a pro-inflammatory M1 phenotype and become dimmer when assuming an anti-inflammatory M2 state. Following transfection and preliminary confirmation of fluorescence via microscopy (data not shown), cells were sequentially sorted via flow cytometry under polarizing conditions. First, transfected cells were polarized to the M1 phenotype via cytokine (LPS and IFN-γ) treatment, and 20% of the cells with the highest fluorescence levels were selected (Figure S3, left). Then, this population of cells was polarized to the M2 phenotype using IL-4, and 10% of the cells with the lowest fluorescence were selected (Figure S3, right).

The resulting RAW:iNos-eGFP cell line was evaluated via RT-PCR and confocal microscopy. In both cases, the reporter cells were polarized to M1 and M2 phenotypes (non-treated cells represented M0), and relative iNos and eGFP fluorescence levels were determined and compared. RT-PCR results indicated that the iNos expression patterns of RAW:iNos-eGFP (Figure 1A) were similar to those of the RAW264.7 parental cell line (Figure S2). This suggests that both iNos expression and macrophage polarization pathways were unaffected by the insertion of the plasmid construct. To confirm fluorescence changes resulting from the promoter-driven reporter, polarized and non-polarized cells were evaluated using confocal microscopy (Figure 1B). Significantly increased fluorescence was observed for cells in the M1 phenotype and diminished levels were observed for the M2 subtype, as determined by quantification on a per cell basis (Figure 1C).




Figure 1 | Effects of cytokine polarization on RAW:iNos-eGFP cells. (A) RT-PCR data showing relative levels of iNos mRNA across polarization states (M0 = gray, M1 = orange, and M2 = blue), where M1 results in the highest levels. Error bars represent standard error. (B) Confocal microscopy images acquired following polarization of RAW:iNos-eGFP show that the M1-polarized cells have the greatest fluorescence intensity. eGFP = enhanced green fluorescent protein. Scale bars on confocal images represent 100 µm. (C) Quantification of fluorescence intensity on a per-cell basis from the figures shown on the left confirm that the M1 state results in the highest fluorescence intensity. M0 = gray (n = 1,710), M1 = orange (n = 1,820), and M2 = blue (n = 1,142). The “x” in the box represents the mean; the bottom and top lines of the box represent the median of the bottom half (1st quartile) and median of the top half (3rd quartile), respectively; the line in the middle of the box represents the median; the whiskers extend from the ends of the box to the minimum value and maximum value. For all panels, M0 = non-treated; M1 = LPS/IFN-γ; M2 = IL-4. For (A, C), Student T-test was used for statistical analysis comparing M1 and M2 macrophages to M0 (p<0.05 = *, p<0.001 = ***).






3.2 RAW:iNos-eGFP responses to different breast cancer models

Following validation, the RAW:iNos-eGFP reporter cell line was used to compare macrophage responses to two breast cancer cell types, using different types of models. For this study, we chose to use 4T1 (51) and EMT6 (52) cell lines, both of which represent murine triple-negative breast cancer (TNBC) and are widely used in cancer research. Despite sharing a TNBC background, EMT6 cells are considered to be less aggressive than 4T1, which are highly invasive (53). We hypothesized that these two TNBC cell lines may affect macrophages differently. First, we compared two experimental formats with each cell line: conditioned media (CM) and two-dimensional (2D) mono-layer co-culture. While CM has been used to study macrophage responses, macrophages are not only influenced by cytokines secreted by cancer cells (found in the CM), but also by cell-to-cell interactions and the hypoxic core that forms within the tumor (54, 55). The use of the macrophage reporter cell line allows us to directly compare simple with more complex experimental models.

The effects of 4T1 and EMT6 cell-derived conditioned media were compared to cancer cell:macrophage co-cultures generated in a 1:1 ratio. Since studies suggest that cancer cells can switch macrophages to the wound-repair (M2) subtype (56), we expected to see diminished fluorescence of the RAW:iNos-eGFP reporter following exposure to the cancer cells and CM. Our results indeed showed that the macrophage cells had significantly lower levels of fluorescence compared to non-treated macrophages, similarly to the M2-like phenotype, after 48 h of exposure to either conditioned media or the 4T1 or EMT6 cells (Figure 2). While both EMT6 models, CM and co-culture, resulted in similar effects, there was a significant difference between them (p < 0.01), with co-culture of the cells having a greater reduction in fluorescence. The 4T1 models’ outcomes were substantially different from one another. While the 4T1-CM had a statistically significant change versus non-treated cells (p < 0.001), it resulted in the least change from the non-treated control overall. On the other hand, the 4T1 co-culture yielded the lowest levels of florescence in the assay. Taken together, the 2D co-cultures produced greater effects than their CM counterparts, although the trends observed were unexpectedly inconsistent – while co-culture with 4T1 cells yielded the lowest fluorescence, as expected, the CM from EMT6 cells resulted in greater effects than that from 4T1s. These results show the sensitivity of the reporter and highlight the relevance of cell-to-cell interactions.




Figure 2 | Macrophage exposure to conditioned media (CM) from or co-culture (CC) with 4T1 or EMT6 cells. (A) Confocal microscopy images of RAW:iNos-eGFP cells following exposure to conditioned media from 4T1 or EMT6 cells or subjected to co-culturing with each. eGFP=enhanced green fluorescent protein. Diminished fluorescence relative to non-treated (N.T.) is observed for all treatments, to different extents based on cell and model type. Scale bars on confocal images represent 100 µm. (B) Per-cell fluorescence intensity quantification of images shown in (A). The “x” in the box represents the mean; the bottom and top lines of the box represent the median of the bottom half (1st quartile) and median of the top half (3rd quartile), respectively; the line in the middle of the box represents the median; the whiskers extend from the ends of the box to the minimum value and maximum value. Student’s T-test was used for statistical analysis versus N.T. (n = 1,422) (p<0.001 = ***). Student T-test comparing 4T1-CM (n = 968) versus 4T1-CC (n = 370) and EMT6-CM (n = 581) versus EMT6-CC (n = 336) shows statistical significance (p<0.001=***).



While 2D co-culture monolayers are simple to use and allow the study of intracellular signaling cascades and cell behavior, this approach omits the highly complex structural organization found in the three-dimensional tumor microenvironment (TME) (57). Also, solid tumors develop an oxygen-depleted region at their center (hypoxic core), which contributes to tumor progression and metastasis and promotes macrophage polarization towards the M2 phenotype (58–60). For these reasons, we assessed the impacts of 4T1 and EMT6 spheroids as in vitro three-dimensional (3D) models, on the macrophage reporter cell line. To better represent the TME, only spheroids that were 400 µm or more in diameter were used, since these are known to develop a hypoxic core (61).

Macrophages co-cultured with 4T1 or EMT6 spheroids showed reduced levels of iNos-controlled eGFP expression relative to the NT control, suggesting that they are adopting a tumor-promoting, M2 phenotype (Figures 3, S4). Interestingly, while both 4T1 and EMT6 spheroids reduced the eGFP signal, the change was greater when macrophages were exposed to 4T1 spheroids, which is consistent with the contrasting aggressiveness of the model cell lines. This also highlights the advantages of using a reporter-based approach to monitor the interactions between macrophages and cancer cells, while keeping track of the macrophage polarization state. The use of our reporter cell line not only facilitates the study of macrophage phenotypes in real time, but also allows the use of more complex and relevant cancer models that could not be used before due to experiment- or technique-associated limitations.




Figure 3 | Macrophage reporter responses in three-dimensional tumor models. (A) Representative confocal images of RAW:iNos-eGFP macrophages (top row) after 48 h exposure to 4T1 (middle row) or EMT6 (bottom row) spheroids. In the latter two rows, the black area in the respective images is the spheroid itself. The 4T1 spheroid co-culture (SCC) results in the lowest levels of iNos-mediated fluorescence. eGFP = enhanced green fluorescent protein. Scale bars represent 100 µm. Additional spheroids are shown in Figure S4. (B) Per-cell fluorescence quantification of confocal images from (A). The “x” in the box represents the mean; the bottom and top lines of the box represent the median of the bottom half (1st quartile) and median of the top half (3rd quartile), respectively; the line in the middle of the box represents the median; the whiskers extend from the ends of the box to the minimum value and maximum value. Student T-test was used for statistical analysis of 4T1 SCC (n = 406) and EMT6 SCC (n = 337) versus N.T. (n = 2,111); (p<0.01 = **, p<0.001 = ***). N.T.= non-treated cells.






3.3 Re-programming of RAW:iNos-eGFP cells in the presence of spheroids via small molecule treatment

To further assess the interactions of macrophages with breast cancer and evaluate the ability to reprogram them in tumor microenvironments, we used pyrimido(5,4-b)indole (PBI1), a Tlr-4 agonist known to activate macrophages to M1-like phenotypes and enhance their anti-cancer activity (43). First, we tested the effects of different PBI1 concentrations (5, 10, and 20 µg/mL) on the viability of RAW:iNos-eGFP cells using Alamar Blue reagent and compared it to non-treated and 0.4% DMSO-treated control cells; no substantial changes were observed (Figure S5A). RT-PCR quantifying iNos mRNA transcript levels (Figure S5B), as well as confocal microscopy to assess fluorescence changes, were performed to confirm the M1 activation of RAW:iNos-eGFP cells by PBI1 (Figure 4). In both cases, PBI1 treatment resulted in expected increases relative to the control groups, confirming that the small molecule’s promotion of macrophage activation persists in the reporter cells.




Figure 4 | Effects of PBI1 on RAW:iNos-eGFP cells. (A) Confocal images showing changes in fluorescence following PBI1 treatment, which results in activation of macrophages and greater levels of iNos. Scale bars represent 100 µm. (B) Quantification of fluorescence intensity from images in (A). The “x” in the box represents the mean; the bottom and top lines of the box represent the median of the bottom half (1st quartile) and median of the top half (3rd quartile), respectively; the line in the middle of the box represents the median; the whiskers extend from the ends of the box to the minimum value and maximum value. Error bars represent standard error. Student T-test was performed versus N.T. (p<0.001 = ***). N.T.=non-treated cells, eGFP=enhanced green fluorescent protein.



We then used PBI to affect RAW:iNos-eGFP macrophages co-cultured with either 4T1 or EMT6 spheroids; controls lacked treatment with the small molecule. As in our earlier experiment (Figure 3), reporter macrophages exposed to either 4T1 or EMT6 spheroids in the absence of PBI1 displayed decreased fluorescence (Figure 5). Excitingly, a significant increase in iNos-eGFP signal was observed following treatment with PBI1, suggesting a shift of the macrophages toward a pro-inflammatory, anti-tumor, M1 phenotype. While the change observed was not statistically significant, it is important to note that the mean values for 4T1 SCC (+) and EMT6 SCC (+) groups increased relative to the N.T. (-) group. We also investigated the effects of PBI1 treatment on 4T1 and EMT6 spheroids in the absence of macrophages to verify that the molecule itself did not affect them (Figure S6). These results reinforce the idea that macrophages can be reprogrammed at the tumor site, and the reporter can be used to track these changes, even in more complex models of the TME.




Figure 5 | Re-polarization of RAW:iNos-eGFP macrophages using a small molecule in spheroid co-culture (SCC) models. (A) Confocal microscopy images of RAW:iNos-eGFP cells co-cultured with 4T1 or EMT6 spheroids, with (+) or without (-) PBI1 treatment. In spheroid co-culture samples, the black area in the respective images is the spheroid itself. Treatment with PBI1 is shown to enhance reporter fluorescence across all treatments, including in SCC models. Scale bars on confocal images represent 100 µm. Images of additional spheroids are shown in Figure S6. (B) Student T-test was used for statistical analysis versus PBI1-treated groups (p<0.001 = ***). N.T. (-): n = 2991; N.T. (+): n = 1536; 4T1 SCC (-): n = 703; 4T1 SCC (+): n = 539; EMT6 SCC (-): n = 572; EMT6 SCC (+): n = 276. The “x” in the box represents the mean; the bottom and top lines of the box represent the median of the bottom half (1st quartile) and median of the top half (3rd quartile), respectively; the line in the middle of the box represents the median; the whiskers extend from the ends of the box to the minimum value and maximum value. N.T., non-treated.







4 Discussion

In summary, our study demonstrates the advantages of using a macrophage phenotype-reporter cell line, RAW:iNos-eGFP to study macrophage interactions with cancer, especially in more complex environments. Both macrophages and cancer cells used here were murine-derived; in the future, analogous human-derived materials may be employed. Following the confirmation of a consistently expressed, phenotype-specific marker, iNos (Figure S2), we designed a cell line derived from the commonly used macrophage model, RAW264.7 cells, to express eGFP under the regulation of the iNos promoter. After validating normal functioning of the cells via RT-PCR and reporter fidelity via confocal microscopy (Figure 1), we explored the responses of macrophages to different breast cancer models derived from commonly used murine 4T1 and EMT6 TNBC cell lines.

Across the three models examined, conditioned media (CM), 2D co-culture (CC), and 3D/spheroid co-cultures (SCC), both TNBC cell types resulted in anti-inflammatory M2-like fluorescence profiles (Figures 2, 3). However, while we expected the 4T1-derived models to demonstrate greater changes than those from the less aggressive EMT6 cells, this was not reflected in the conditioned media experiments. EMT6 CM elicited a more intense polarization response than 4T1 CM. The CC and SCC models showed the opposite – the 4T1 cells resulted in greater changes to iNos-driven eGFP expression than EMT6. These results confirm that there are differences in macrophage responses depending on the models used, even with the same cell line(s), and should be considered in future studies.

The re-education of macrophages in disease states or infections, either from pro- to anti-inflammatory or vice-versa, is a therapeutic strategy of broad interest (6). In cancer, the polarization of macrophages to the immune-stimulating (M1) phenotype can result in enhanced anti-tumor activity, and is a goal in the development of new cancer immunotherapies (23, 62, 63). Therefore, having observed the RAW:iNos-eGFP reporters’ functioning in TME models, we decided to utilize our platform to track macrophage re-education in the most representative model of tumors employed here, three-dimensional spheroid co-cultures. We used a previously described small molecule Tlr-4 agonist, PBI1, which had been shown to induce M1-like polarization and enhance macrophage anti-cancer activity in vitro (43). We generated spheroids using 4T1 and EMT6 cells and using only those that were 400 µm or more in diameter, compared non-treated 4T1 or EMT6 spheroid co-cultures with PBI1-treated groups. As expected, the controls (macrophages exposed to spheroids without PBI1), exhibited decreased fluorescence representative of an anti-inflammatory, M2-like phenotype. However, when challenged with the Tlr-4 agonist small molecule, PBI1, macrophages showed increases in fluorescence relative to the non-treated group, indicative of their activation toward a pro-inflammatory state. This illustrates the feasibility of using reporters to evaluate therapeutics even in the presence of more relevant and realistic cancer TME models.

In conclusion, we show that the use of the murine macrophage reporter cell line allows for robust evaluation of polarization across different models. We have used murine breast cancers here, but we and others have shown that mouse-derived macrophages can also interact with and respond to human cancer cells (64). This system can be used without needing to apply other probes (e.g., antibodies) for detection, which unless used with fixed cells, could alter cellular characteristics, segregate, or lyse cells. This approach also allows for continuous monitoring of macrophage responses, as conditions change or additional stimuli are presented. Taken together, the use of macrophage reporter cell lines, including the one developed here or others with suitable phenotype-specific markers, can facilitate studies to assess macrophage behavior in response to more complex and accurate models, and high-throughput assessment of drugs for affecting macrophages.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

JM-R. and MF conceived the research study. JM-R planned the experiments, JM-R, JM, MJ, and JM-M performed the experiments and conducted data analysis. JM-R and MF interpreted the results obtained. JM-R. wrote the manuscript with assistance from MF. All authors approved the final manuscript.





Funding

JM-R was supported by a Northeast Alliance for Graduate Education and the Professoriate (NEAGEP) fellowship from the STEM Diversity Institute at UMass Amherst, and a fellowship from the Chemistry-Biology Interface (CBI) Training Program (National Research Service Award (T32 GM008515) from the National Institutes of Health (NIH)). JM was supported by an Honors Research Grant from the Commonwealth Honors College at the University of Massachusetts Amherst. JM-M was supported by the UMass Amherst NIH Postbaccalaureate Research Education Program (PREP; R25 GM086264-12). This work was supported in part by an NSF ADVANCE grant award to the University of Massachusetts Amherst.




Acknowledgments

Thanks to Prof. Scott Garman (Biochemistry & Molecular Biology, UMass Amherst) for helpful input on this project, and Prof. D. Joseph Jerry (Veterinary and Animal Sciences, UMass Amherst) for supplying materials associated with stable transfections. Special thanks to the Vishnu Raman, Ph.D., Shoshanna Bloom, Ph.D., and Victoria Wetherby (Chemical Engineering, UMass Amherst) for sharing their knowledge of molecular cloning and Neeraj Raghuraman and Yasushi Kimura, M.D. (Mechanical Engineering, UMass Amherst) for assistance in confocal imaging and fluorescence quantification. Flow cytometry and cell sorting experiments were performed at the University of Massachusetts Amherst Institute for Applied Life Sciences (IALS) Flow Cytometry Core Facility; we thank facility staff Dr. Amy Burnside and Arsh Patel for their assistance.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1151384/full#supplementary-material




References

1. Hirayama, D, Iida, T, and Nakase, H. The phagocytic function of macrophage-enforcing innate immunity and tissue homeostasis. Int J Mol Sci (2018) 19:92. doi: 10.3390/ijms19010092

2. Doodnauth, SA, Grinstein, S, and Maxson, ME. Constitutive and stimulated macropinocytosis in macrophages: Roles in immunity and in the pathogenesis of atherosclerosis. Philos Trans R Soc Lond B Biol Sci (2019) 374:1765. doi: 10.1098/rstb.2018.0147

3. Epelman, S, Lavine, KJ, and Randolph, GJ. Origin and functions of tissue macrophages. Immunity (2014) 41:21–35. doi: 10.1016/j.immuni.2014.06.013

4. Arango Duque, G, and Descoteaux, A. Macrophage cytokines: involvement in immunity and infectious diseases. Front Immunol (2014) 7:491. doi: 10.3389/fimmu.2014.00491

5. Shapouri-Moghaddam, A, Mohammadian, S, Vazini, H, Taghadosi, M, Esmaeili, SA, Mardani, F, et al. Macrophage plasticity, polarization, and function in health and disease. J Cell Physiol (2018) 233:6425–40. doi: 10.1002/jcp.26429

6. Pan, Y, Yu, Y, Wang, X, and Zhang, T. Tumor-associated macrophages in tumor immunity. Front Immunol (2020) 11:583084. doi: 10.3389/fimmu.2020.583084

7. Medzhitov, R. Toll-like receptors and innate immunity. Nat Rev Immunol (2001) 1:135–45. doi: 10.1038/35100529

8. Gu, W, Yao, L, Li, L, Zhang, J, Place, AT, Minshall, RD, et al. ICAM-1 regulates macrophage polarization by suppressing MCP-1 expression via miR-124 upregulation. Oncotarget (2017) 8:111882–901. doi: 10.18632/oncotarget.22948

9. Parameswaran, N, and Patial, S. Tumor necrosis factor-α signaling in macrophages. Crit Rev Eukaryot (2010) 20:87–103. doi: 10.1615/critreveukargeneexpr.v20.i2.10

10. Xue, Q, Yan, Y, Zhang, R, and Xiong, H. Regulation of iNOS on immune cells and its role in diseases. Int J Mol Sci (2018) 19:3805. doi: 10.3390/ijms19123805

11. Orecchioni, M, Ghosheh, Y, Pramod, AB, and Ley, K. Macrophage polarization: different gene signatures in M1(LPS+) vs. classically and M2(LPS–) vs. alternatively activated macrophages. Front Immunol (2019) 10:1084. doi: 10.3389/fimmu.2019.01084

12. Zhang, W, Chen, L, Ma, K, Zhao, Y, Liu, X, Wang, Y, et al. Polarization of macrophages in the tumor microenvironment is influenced by EGFR signaling within colon cancer cells. Oncotarget (2016) 7:75366–78. doi: 10.18632/oncotarget.12207

13. Veremeyko, T, Yung, AWY, Anthony, DC, Strekalova, T, and Ponomarev, ED. Early growth response gene-2 is essential for M1 and M2 macrophage activation and plasticity by modulation of the transcription factor CEBPβ. Front Immunol (2018) 9:2515. doi: 10.3389/fimmu.2018.02515

14. Woo, MS, Yang, J, Beltran, C, and Cho, S. Cell surface CD36 protein in monocyte/macrophage contributes to phagocytosis during the resolution phase of ischemic stroke in mice. J Biol Chem (2016) 291:23654–61. doi: 10.1074/jbc.M116.750018

15. Wilson, AM, Shao, Z, Grenier, V, Mawambo, G, Daudelin, JF, Dejda, A, et al. Neuropilin-1 expression in adipose tissue macrophages protects against obesity and metabolic syndrome. Sci Immunol (2018) 3:4626. doi: 10.1126/sciimmunol.aan4626

16. Mosser, DM, and Edwards, JP. Exploring the full spectrum of macrophage activation. Nat Rev Immunol (2008) 8:958–69. doi: 10.1038/nri2448

17. Li, P, Ma, C, Li, J, You, S, Dang, L, Wu, J, et al. Proteomic characterization of four subtypes of M2 macrophages derived from human THP-1 cells. J Zhejiang Univ Sci B (2022) 23(5):407–22. doi: 10.1631/jzus.B2100930

18. Rasheed, A, and Rayner, KJ. Macrophage responses to environmental stimuli during homeostasis and disease. Endocr Rev (2021) 42:407–35. doi: 10.1210/endrev/bnab004

19. Chen, Y, Song, Y, Du, W, Gong, L, Chang, H, and Zou, Z. Tumor-associated macrophages: an accomplice in solid tumor progression. J BioMed Sci (2019) 26:78. doi: 10.1186/s12929-019-0568-z

20. Nielsen, SR, and Schmid, MC. Macrophages as key drivers of cancer progression and metastasis. Mediators Inflammation (2017) 2017:9624760. doi: 10.1155/2017/9624760

21. Lin, JY, Li, XY, Tadashi, N, and Dong, P. Clinical significance of tumor-associated macrophage infiltration in supraglottic laryngeal carcinoma. Chin J Cancer (2011) 30:280–6. doi: 10.5732/cjc.010.10336

22. Zhang, J, Yan, Y, Yang, Y, Wang, L, Li, M, Wang, J, et al. High infiltration of tumor-associated macrophages influences poor prognosis in human gastric cancer patients, associates with the phenomenon of EMT. Medicine (2016) 95:e2636. doi: 10.1097/MD.0000000000002636

23. Kowal, J, Kornete, M, and Joyce, JA. Re-education of macrophages as a therapeutic strategy in cancer. Immunotherapy (2019) 11:677–89. doi: 10.2217/imt-2018-0156

24. Van Peer, G, Mestdagh, P, and Vandesompele, J. Accurate RT-qPCR gene expression analysis on cell culture lysates. Sci Rep (2012) 2:222. doi: 10.1038/srep00222

25. Aydin, S. A short history, principles, and types of ELISA, and our laboratory experience with peptide/protein analyses using ELISA. Peptides. (2015) 72:4–15. doi: 10.1016/j.peptides.2015.04.012

26. Walker, RA. Quantification of immunohistochemistry–issues concerning methods, utility and semiquantitative assessment I. Histopathology (2006) 49(4):406–10. doi: 10.1111/j.1365-2559.2006.02514.x

27. Jahan-Tigh, RR, Ryan, C, Obermoser, G, and Schwarzenberger, K. Flow cytometry. J Invest Dermatol (2012) 132(10):e1. doi: 10.1038/jid.2012.282

28. Li, Y, and Liu, TM. Discovering macrophage functions using in vivo optical imaging techniques. Front Immunol (2018) 9:502. doi: 10.3389/fimmu.2018.00502

29. Go, A, Ryu, YK, Lee, JW, and Moon, EY. Cell motility is decreased in macrophages activated by cancer cell-conditioned medium. Biomol Ther (2013) 21(6):481–6. doi: 10.4062/biomolther.2013.076

30. Piao, YJ, Kim, HS, Hwang, EH, Woo, J, Zhang, M, and Moon, WK. Breast cancer cell-derived exosomes and macrophage polarization are associated with lymph node metastasis. Oncotarget (2017) 9(7):7398–410. doi: 10.18632/oncotarget.23238

31. Long, L, Yin, M, and Min, W. 3D co-culture system of tumor-associated macrophages and ovarian cancer cells. Bio Protoc (2018) 8(8):e2815. doi: 10.21769/BioProtoc.2815

32. Dowling, P, and Clynes, M. Conditioned media from cell lines: a complementary model to clinical specimens for the discovery of disease-specific biomarkers. Proteomics (2011) 11:794–804. doi: 10.1002/pmic.201000530

33. Amirfakhri, S, Salimi, A, and Fernandez, N. Effects of conditioned medium from breast cancer cells on Tlr2 expression in Nb4 cells. Asian Pac J Cancer Prev (2015) 16:8445–50. doi: 10.7314/APJCP.2015.16.18.8445

34. Benner, B, Scarberry, L, Suarez-Kelly, LP, Duggan, MC, Campbell, AR, Smith, E, et al. Generation of monocyte-derived tumor-associated macrophages using tumor-conditioned media provides a novel method to study tumor-associated macrophages. vitro. J Immunother Cancer (2019) 7:140. doi: 10.1186/s40425-019-0622-0

35. Lellupitiyage Don, SS, Mas-Rosario, JA, Lin, HH, Nguyen, EM, Taylor, SR, and Farkas, ME. Macrophage circadian rhythms are differentially affected based on stimuli. Integr Biol (2022) 14:62–75. doi: 10.1093/intbio/zyac007

36. Breslin, S, and O'Driscoll, L. Three-dimensional cell culture: the missing link in drug discovery. Drug Discovery Today (2013) 18:240–9. doi: 10.1016/j.drudis.2012.10.003

37. Pampaloni, F, Reynaud, EG, and Stelzer, EH. The third dimension bridges the gap between cell culture and live tissue. Nat Rev Mol Cell Biol (2007) 8:839–45. doi: 10.1038/nrm2236

38. Kapałczyńska, M, Kolenda, T, Przybyła, W, Zajączkowska, M, Teresiak, A, Filas, V, et al. 2D and 3D cell cultures - a comparison of different types of cancer cell cultures. Arch Med Sci (2018) 14:910–9. doi: 10.5114/aoms.2016.63743

39. Martinez-Marin, D, Jarvis, C, Nelius, T, and Filleur, S. Assessment of phagocytic activity in live macrophages-tumor cells co-cultures by confocal and nomarski microscopy. Biol Methods Protoc (2017) 2(1):bpx002. doi: 10.1093/biomethods/bpx002

40. Fey, SJ, and Wrzesinski, K. Determination of drug toxicity using 3D spheroids constructed from an immortal human hepatocyte cell line. Toxicol Sci (2012) 127:403–11. doi: 10.1093/toxsci/kfs122

41. Li, CL, Tian, T, Nan, KJ, Zhao, N, Guo, YH, Cui, J, et al. Survival advantages of multicellular spheroids vs. monolayers of HepG2 cells in vitro. Oncol Rep (2008) 20:1465–71. doi: 10.3892/or_00000167

42. Mohseni Garakani, M, Ahangar, P, Watson, S, Nisol, B, Wertheimer, MR, Rosenzweig, DH, et al. A novel 3D co-culture platform for integrating tissue interfaces for tumor growth, migration and therapeutic sensitivity: PP-3D-S. Mater Sci Eng C Mater Biol Appl (2021), 112566. doi: 10.1016/j.msec.2021.112566

43. Hardie, J, Mas-Rosario, JA, Ha, S, Rizzo, EM, and Farkas, ME. Macrophage activation by a substituted pyrimido[5,4-b]indole increases anti-cancer activity. Pharmacol Res (2019) 148:104452. doi: 10.1016/j.phrs.2019.104452

44. Schmittgen, TD, and Livak, KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc (2008) 3:1101–8. doi: 10.1038/nprot.2008.73

45. Lowenstein, CJ, Alley, EW, Raval, P, Snowman, AM, Snyder, SH, Russell, SW, et al. Macrophage nitric oxide synthase gene: two upstream regions mediate induction by interferon gamma and lipopolysaccharide. Proc Natl Acad Sci USA (1993) 90:9730–4. doi: 10.1073/pnas.90.20.9730

46. Rasband WS. ImageJ, US. National Institutes of Health. Maryland, USA: Bethesda p. 1997–2018. Available at: https://imagej.nih.gov/ij/.

47. Hartig, SM. Basic image analysis and manipulation in ImageJ. Curr Protoc Mol Biol (2013) 102:14–5. doi: 10.1002/0471142727.mb1415s102

48. Weischenfeldt, J, and Porse, B. Bone marrow-derived macrophages (BMM): isolation and applications. Cold Spring Harb Protoc (2008). doi: 10.1101/pdb.prot5080. pdb.prot5080.

49. Foty, R. A simple hanging drop cell culture protocol for generation of 3D spheroids. J Vis Exp (2011) 51:2720. doi: 10.3791/2720

50. Taciak, B, Białasek, M, Braniewska, A, Sas, Z, Sawicka, P, Kiraga, Ł, et al. Evaluation of phenotypic and functional stability of RAW 264.7 cell line through serial passages. PLoS One (2018) 13:e0198943. doi: 10.1371/journal.pone.0198943

51. Pulaski, BA, and Ostrand-Rosenberg, S. Mouse 4T1 breast tumor model. Curr Protoc Immunol (2000) 39:20–2. doi: 10.1002/0471142735.im2002s39

52. Rockwell, SC, Kallman, RF, and Fajardo, LF. Characteristics of a serially transplanted mouse mammary tumor and its tissue-culture-adapted derivative. J Natl Cancer Inst (1972) 49(3):735–49. doi: 10.1093/jnci/49.3.735

53. Ouzounova, M, Lee, E, Piranlioglu, R, El Andaloussi, A, Kolhe, R, Demirci, MF, et al. Monocytic and granulocytic myeloid derived suppressor cells differentially regulate spatiotemporal tumour plasticity during metastatic cascade. Nat Commun (2017) 8:14979. doi: 10.1038/ncomms14979

54. Komohara, Y, Horlad, H, Ohnishi, K, Fujiwara, Y, Bai, B, Nakagawa, T, et al. Importance of direct macrophage-tumor cell interaction on progression of human glioma. Cancer Sci (2012) 103:2165–72. doi: 10.1111/cas.12015

55. Rahat, MA, and Hemmerlein, B. Macrophage-tumor cell interactions regulate the function of nitric oxide. Front Physiol (2013) 4:144. doi: 10.3389/fphys.2013.00144

56. Muliaditan, T, Caron, J, Okesola, M, Opzoomer, JW, Kosti, P, Georgouli, M, et al. Macrophages are exploited from an innate wound healing response to facilitate cancer metastasis. Nat Commun (2018) 9:2951. doi: 10.1038/s41467-018-05346-7

57. Weigelt, B, Ghajar, CM, and Bissell, MJ. The need for complex 3D culture models to unravel novel pathways and identify accurate biomarkers in breast cancer. Adv Drug Delivery Rev (2014) 69-70:42–51. doi: 10.1016/j.addr.2014.01.001

58. Semenza, GL. Defining the role of hypoxia-inducible factor 1 in cancer biology and therapeutics. Oncogene (2010) 29:625–34. doi: 10.1038/onc.2009.441

59. Henze, AT, and Mazzone, M. The impact of hypoxia on tumor-associated macrophages. J Clin Investig (2016) 126:3672–9. doi: 10.1172/JCI84427

60. Ke, X, Chen, C, Song, Y, Cai, Q, Li, J, Tang, Y, et al. Hypoxia modifies the polarization of macrophages and their inflammatory microenvironment and inhibits malignant behavior in cancer cells. Oncol Lett (2019) 18:5871–8. doi: 10.3892/ol.2019.10956

61. Riffle, S, and Hegde, RS. Modeling tumor cell adaptations to hypoxia in multicellular tumor spheroids. J Exp Clin Cancer Res (2017) 36:102. doi: 10.1186/s13046-017-0570-9

62. Sinha, P, Clements, VK, and Ostrand-Rosenberg, S. Reduction of myeloid-derived sup- pressor cells and induction of M1 macrophages facilitate the rejection of established metastatic disease. J Immunol (2005) 174:636–45. doi: 10.4049/jimmunol.174.2.636

63. Martori, C, Sanchez-Moral, L, Paul, T, Pardo, JC, Font, A, Ruiz de Porras, V, et al. Macrophages as a therapeutic target in metastatic prostate cancer: A way to overcome immunotherapy resistance? Cancers (2022) 14:440. doi: 10.3390/cancers14020440

64. Joshi, BP, Hardie, J, Mingroni, M, and Farkas, ME. Surface-modified macrophages facilitate tracking of breast cancer-immune interactions. ACS Chem Biol (2018) 13:2339–46. doi: 10.1021/acschembio.8b00509




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Mas-Rosario, Medor, Jeffway, Martínez-Montes and Farkas. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-13-1151384-g001.jpg
=
— o
=
3 S N o ® © ¥ o o
o~ N = - ne o o o =}
d499-SONI:MVY Ul uoissaidx3 SONI aAefoy
P~

Bright Field

LN

12000

C

Tk

0000
8000
6000
4000
2000

b_mﬁwgc_ aouaosalon|4 pajesbaju]

M2

M1

MO





OEBPS/Images/fonc-13-1151384-g003.jpg
Bright Field

4T1 SCC

O
O
]
©
-
=
LLl

Integrated Fluorescence Intensity Per Cell






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Murine macrophage-based iNos reporter reveals polarization and reprogramming in the context of breast cancer

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cell culture

          



          		

            2.2 Macrophage polarization

          



          		

            2.3 RNA extraction and cDNA conversion

          



          		

            2.4 Quantitative RT-PCR

          



          		

            2.5 Molecular cloning of iNos-eGFP lentiviral plasmid

          



          		

            2.6 Generation of stable RAW:iNos-eGFP cells – lentiviral transductions

          



          		

            2.7 Fluorescence activated cell sorting of RAW:iNos-eGFP

          



          		

            2.8 Confocal microscopy

          



          		

            2.9 Generation of conditioned media

          



          		

            2.10 Treatment with 4T1 or EMT6 conditioned media

          



          		

            2.11 Spheroid generation

          



          		

            2.12 Two- and three-dimensional co-cultures

          



          		

            2.13 Small molecule (PBI1) treatment

          



        



        



        		

          3 Results and discussion

        

          		

            3.1 Generation and Validation of RAW:iNos-eGFP Cell Line

          



          		

            3.2 RAW:iNos-eGFP responses to different breast cancer models

          



          		

            3.3 Re-programming of RAW:iNos-eGFP cells in the presence of spheroids via small molecule treatment

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-13-1151384-g002.jpg
>

Bright Field

eGFP

Integrated Fluorescence Intenstiy

4000
3500
3000
2500
2000
1500
1000

500

NT

4T1-CM

EMT6 CM

*k*k

EMT6 CC

*kk

E

=

4T1-CC EMT6-CM

EMT6-CC





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-13-1151384-g004.jpg
Bright Field

eGFP

Integrated Fluorescence Intensi

40000

35000
30000
25000
20000

15000

10000

5000

NT

*k %k

PRBI1





OEBPS/Images/fonc.2023.1151384_cover.jpg
, frontiers ‘ Frontiers in Oncology

Murine macrophage-based iNos reporter
reveals polarization and reprogramming in
the context of breast cancer





OEBPS/Images/fonc-13-1151384-g005.jpg
>

Bright Field

eGFP

Integrated Fluorescence Intensity Per Cell

14000

12000

10000

8000

6000

4000

2000

PBI1:

N.T.+ PBI1

ek

4T18CC 4T1 SCC + PBI1

4T1SCC

EMT6 SCC EMT6 SCC + PBI1

Kk

4T1SCC

+

EMT6 SCC EMT6 SCC

- e





