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Obesity is associated with adipose inflammation, defined by macrophages 

encircling dead adipocytes, as well as extracellular matrix (ECM) remodeling and 

increased risk of breast cancer. Whether obesity-associated ECM-remodeling affects 

macrophage phenotype is uncertain. A better understanding of this relationship could 

be strategically important to reduce cancer risk or improve outcomes in people with 

obesity. Utilizing clinical samples, computational approaches and in vitro models, this 

study quantified the relative abundance of pro (M1)- and anti (M2)-inflammatory 

macrophages in human breast adipose tissue, determined molecular similarities 

between obesity and tumor-associated macrophages, and assessed the regulatory effect 

of obese versus lean ECM on macrophage phenotype. Our results suggest that breast 

adipose tissue contains more M2-biased than M1-biased macrophages across all body 

mass index (BMI) categories. Obesity further increased M2-biased macrophages but 

did not affect M1-biased macrophage density. Gene Set Enrichment Analysis (GSEA) 

suggested that breast tissue macrophages from obese versus lean women are more 

similar to tumor-associated macrophages (TAMs). These changes positively correlated 

with adipose tissue interstitial fibrosis, and in vitro experiments indicated that obesity-

dependent ECM remodeling directly stimulate M2-biased macrophage functions. 



 

However, mammographic density cannot be used as a clinical indicator of these 

changes. Collectively, our data suggest that obesity-associated interstitial fibrosis 

promotes a macrophage phenotype similar to TAMs, which may contribute to the link 

between obesity and breast cancer. 
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INTRODUCTION 

 

 Obesity is a known preventable risk factor for 12 kinds of cancer, including 

breast cancer, and an estimated 20% of cancer mortalities are attributable to obesity.  

Obesity is the most significant risk factor for breast cancer development in 

postmenopausal women and is associated with a worse clinical prognosis and 

increased mortality in breast cancer patients independent of subtype or menopausal 

status1,2.  The mechanisms underlying the link between obesity and breast cancer are 

multifactorial.  Alterations to hormonal status, energy balance, and systemic metabolic 

derangements due to excessive adiposity have been implicated in the obesity and 

breast cancer connection and have been reviewed elsewhere3–7.  As breast tissue is 

partially composed of adipose tissue, localized changes to the physicochemical 

properties of the adipose tissue microenvironment might be similarly important in 

breast cancer development. 

 Both normal and cancerous tissues are composed of multiple cell types and 

support structures, termed the microenvironment, that work together to achieve 

homeostasis and when perturbed can result in pathology.  The microenvironment is an 

active participant in cancer initiation, growth, and metastasis through such functions as 

angiogenesis, cancer-activated fibroblasts that provide growth signals and deposit 

excess extracellular matrix (ECM), and an anti-inflammatory cytokine milieu secreted, 

in part, by tumor-associated macrophages (TAM) to dampen tumoricidal effector cells 

of the immune system. Interestingly, the microenvironment of obese versus lean 

adipose tissue shares common features with the breast cancer microenvironment 

including increased fibrosis and chronic inflammation.  Based on these similarities, it 

is plausible that the obese adipose tissue microenvironment is a fertile soil for future 

breast cancer development or promotes tumor growth and metastasis after breast 
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cancer initiation.  Below, I will give a brief overview of the shared 

microenvironmental features of breast cancer and adipose tissue followed by a 

discussion of known contributions of obese adipose tissue to breast cancer 

development. 

 

The breast cancer microenvironment is fibrotic, which is associated with TAM density 

and tumor aggressiveness 

 Increased mammographic density, which correlates to the stromal component 

of breast tissue,  is a strong independent risk factor for breast cancer8.  The biological 

basis for how mammographic density, or fibrosis, raises breast cancer risk is not fully 

understood, but mechanical perturbations to epithelial cell morphogenesis9 likely play 

a role.  After tumor initiation, a robust deposition of extracellular matrix, termed 

desmoplasia, occurs. The mediators of this stromal remodeling in the breast cancer 

microenvironment are cancer-activated fibroblasts (CAF).  CAF share features of 

fibroblasts and smooth muscle cells (otherwise known as myofibroblasts) and produce 

and crosslink ECM proteins such as collagens and proteoglycans and also produce 

growth factors and cytokines10.  This deposition of ECM results in tissue stiffening 

that can be used to detect a tumor via palpation versus the adjacent softer, non-

neoplastic tissue.   

 Studies assessing the structure of ECM remodeling associated with breast 

cancer illustrate more significant remodeling, characterized by thicker, linearized 

fibers perpendicular to the tumor bulk, as neoplasms progress from pre-malignant 

ductal carcinoma in situ (DCIS), to malignant invasive carcionoma11,12.  Indeed, 

collagen fiber arrangement surrounding DCIS lesions at the time of initial surgical 

excision is predictive of which lesions will recur,13 indicating a coupling of ECM 

remodeling to cancer aggressiveness. This is not entirely surprising as these parallel 
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fibers have been shown to be densest at the invading front11 and facilitate tumor cell 

migration and invasion via contact guidance directional cues12,14. 

 Interestingly, this ECM remodeling is also coupled to the presence and density 

of TAM in the tumor. Acerbi et al. found that the number of cluster of differentiation 

(CD) 68+ macrophages correlated to ECM stiffness, as measured by atomic force 

microscopy, and both CD68+ macrophages and ECM stiffness correlated to more 

aggressive breast cancer subtypes, both basal and human epidermal growth factor 

receptor (HER) 2+ versus less aggressive luminal A or luminal B.  Huo and colleagues 

assessed macrophage content in high mammographic density versus low 

mammographic density samples and, although they did not see a difference in 

macrophages labeled with the pan-macrophage marker CD68, they did see a 

significant increase in macrophages that were CD206+, corresponding to an M2 anti-

inflammatory/pro-fibrotic macrophage phenotype15, common with TAM.    

A higher density of TAM is associated with a poorer prognosis in breast 

cancer16,17.  TAMs are a heterogenous cell population with multifaceted functions.  

TAM recruitment is primarily through Ly6Chi inflammatory monocytes that 

extravasate in response to tumor production of macrophage chemoattractants, of which 

the chemokine ligand CCL2 is an important mediator18,19. Once arriving at the tumor 

microenvironment, these inflammatory monocytes usually adopt a pro-tumoral 

phenotype, similar to an anti-inflammatory or pro-fibrotic M2-biased phenotype, and 

promote tumor growth and metastasis20,21.  Indeed, high densities of TAM have been 

identified on the invading front of tumors, where intravital imaging has identified 

interactions between tumor cells, TAMs, and blood vessels,22 supporting a role for 

TAMs in tumor cell migration and metastasis, similar to collagen remodeling 

mentioned above. The relationship between collagen remodeling and macrophage 

density is likely reciprocal where macrophages provide key matrix-remodeling 
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enzymes and, based on recent discoveries in mechanical regulation of macrophage 

behaviors23, the altered tumor ECM may modulate macrophage migration and 

function.   

 

Obese adipose tissue is fibrotic and inflamed 

 White adipose tissue (WAT) is a dynamic organ that rapidly expands and 

contracts based on bodily nutrient requirements.  WAT consists of the parenchymal 

cell, the adipocyte, as well as the stromal vascular fraction, which is a conglomerate of 

precursor cells (adipose stromal cells, herein referred to as ASCs), immune cells, 

extracellular matrix, and vascular components. Remodeling of adipose tissue is 

maintained in homeostasis in the lean state but physiologically accelerates in the obese 

state where the adipocyte mass rapidly outgrows angiogenic capabilities24.  Hypoxia 

response elements in WAT upregulate profibrotic gene expression25 and adipocyte cell 

death is proposed to lead to an influx of inflammatory cells26,27.  These tissue 

perturbations of fibrosis and inflammation result in reduction of adipocyte plasticity 

ultimately leading to adipocyte dysfunction. Systemic manifestations of this adipocyte 

dysfunction and secondary inflammation are alterations in lipid handling and 

hormonal regulation of adipokines as well as increased circulating levels of pro-

inflammatory cytokine and acute phase protein reactants28.   

 The mediators of fibrotic remodeling in WAT are myofibroblasts differentiated 

ASCs.  ASCs are multipotential cells that share characteristics with mesenchymal 

stromal cells. Under homeostasis, ECM deposition in WAT is part of the normal 

remodeling process; however, in the case of obesity, the stimuli for ECM remodeling, 

including hypoxia and inflammation, are persistent resulting in enhanced 

myofibroblast differentiation.  The ECM components deposited by the myofibroblasts 

consist predominantly of collagen I, collagen III, collagen VI, and fibronectin29–32.  
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Collagen VI, in particular, is highly enriched in obese WAT ECM and appears to have 

a profound effect on the secondary metabolic consequences associated with WAT 

fibrosis30,31.  In a genetic mouse model of obesity (ob/ob mice lacking leptin) crossed 

with collagen VI knockout mice (Col6KO) had improved glucose tolerance and lipid 

clearance despite similar body size and larger adipocyte area30.  Notably, 

Col6KOob/ob mice had decreased inflammation on histological sections, suggesting 

that fibrosis and inflammation in obese WAT are not completely independent 

processes.  

 White adipose tissue inflammation (WATi) is thought to accumulate secondary 

to the release of adipocyte cellular contents, such as lipid or damage-associated 

molecular patterns, into the environment through necrosis33.  These signals are triggers 

for macrophage accumulation through both extravasation of circulating monocytes34 

and local proliferation of tissue resident macrophages35,36.  These macrophages 

encircle the dead or dying adiopocytes,33 where they are histologically recognized and 

termed crown-like structures (CLS)34,37. These macrophages are exquisitely pro-

inflammatory due to activation of macrophage pattern recognition receptors and 

downstream activation of the inflammasome,38,39 contributing to insulin resistance and 

metabolic dysfunction.  Indeed, ablation of adipose tissue macrophages with 

clodronate liposomes40 results in improved metabolic status. Macrophages in obesity 

also reside in the interstitial spaces between adipocytes and are phenotypically 

different than the cells that reside in CLS28, being more similar to M2, anti-

inflammatory/pro-fibrotic macrophages35.  Very little is known about the role of this 

macrophage population within obese adipose and this is the population of 

macrophages that is the focus of the work presented within this dissertation. 
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Known contributions of the obese adipose tissue microenvironment on breast 

tumorigenesis 

 Although the mechanisms underlying the obesity-cancer relationship are not 

fully understood, there are several aspects of the obese WAT microenvironment that 

have been determined to contribute to breast cancer and will be briefly outlined below. 

 Adipose stromal cells have been identified as mediators of breast 

tumorigenesis through myofibroblast differentiation with resultant ECM deposition, 

crosslinking, and tissue stiffening41.  Obese WAT contains an enriched proportion of 

myofibroblasts relative to lean WAT42.  In an orthotopic mouse model of breast 

tumorigenesis, ASCs from obese WAT co-implanted with breast cancer cells enhance 

tumor growth and invasion versus cancer cells mixed with control ASCs43.  ASCs 

from obese WAT also assemble ECM that is partially unfolded and stiffer than the 

lean counterpart, which contributes to tumorigenesis42. 

 Similar to the breast tumor microenvironment, obesity-associated fibrosis 

perturbs epithelial cells and promotes malignant behaviors. ECM deposited by ASCs 

from obese versus lean mice promoted breast epithelial cellular growth and migratory 

capability, two features used as indicators of potential malignant behavior42. Deletion 

of collagen VI in a MMTV-PyMT mouse model of cancer led to reduced epithelial 

hyperplasia and tumor growth,44 indicating a direct role of ECM remodeling on breast 

tumorigenesis.  

Adipose tissue inflammation, in the form of CLS, is probably the best studied 

component of the WAT microenvironment within the context of breast cancer.  CLS 

have been described in subcutaneous34, visceral45, and breast46 WAT. CLS have been 

utilized as a biomarker in breast tissue biopsies as these histological structures are 

found in a greater density in breast tissue from people with obesity and are associated 

with both an increased risk of breast cancer and shorter relapse-free survival in women 
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with recurrent metastatic breast cancer46–48.  WATi has been shown to be reversible 

with weigh loss in mouse models of obesity49. However, despite body weight, the 

presence of WATi, in itself, might have negative prognostic implications as a subset of 

women with normal BMI but histological evidence of breast inflammation4 or 

increased adiposity when measured via dual-energy x-ray absorbitometry (DXA)3 are 

at increased risk for breast cancer development, similar to obese individuals.   

At the whole tissue level, obese adipose tissue contains macrophages that 

display activation of cancer-related pathways, based on gene expression analysis50.  

Additionally, obesity has been shown to recruit and activate macrophages through the 

CCL2 signaling axis51, the same signaling pathway that is critical to TAM recruitment 

activation.  These macrophages help mediate angiogenic remodeling in the obese 

WAT microenvironment that then facilitate more rapid tumor growth after 

implantation51.  Taken together, these findings suggest that macrophages present in 

WAT contribute to a tumor-permissive microenvironment.  However, neither of the 

cited studies evaluated macrophage subsets or spatial distribution, so it is unknown 

whether macrophages present in CLS or the interstitial macrophages, briefly 

mentioned above, contribute to this process.  

 

Evaluating adipose tissue interstitial macrophages in the context of breast cancer 

 Macrophages, specifically M2-biased or anti-inflammatory macrophages are 

pivotal regulators of fibrosis, inflammation, and angiogenesis.  Because of these 

relationships and recent evidence that macrophage function can be regulated by the 

physical environment23,52–54 we pursued the global hypothesis that obesity-associated 

extracellular matrix remodeling promotes a macrophage polarization state similar to 

TAM.  In the work presented herein we assessed the spatial distribution of M1 versus 

M2-biased macrophages in relationship to adipose interstitial fibrosis in breast tissue 
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(Chapter 1).  We also evaluated the ability of obesity-associated ECM to modulate 

macrophage polarization in vitro (Chapter 2) and assessed the similarity of obesity-

associated macrophages to TAM with supportive in vitro functional assessment 

(Chapter 3).  Results from this work are broadly applicable to other obesity-associated 

cancers, as discussed in Chapter 4, future directions.  

 

 



9 

CHAPTER 1 

CHARACTERIZATION OF MACROPHAGE POPULATIONS IN BREAST 

ADIPOSE TISSUE IN THE LEAN AND OBESE STATE 

 

Chapter written using content modified from the following publication:  

Nora L. Springer1,2,3, Neil M. Iyengar4,5, Rohan Bareja6, Akanksha Verma6, Maxine 

Jochelson7, Dilip D. Giri4, Xi Kathy Zhou8, Olivier Elemento6, Andrew J. 

Dannenberg5, and Claudia Fischbach2,9 Obesity-associated extracellular matrix 

remodeling promotes a macrophage phenotype similar to tumor-associated 

macrophages.  Am J Path 2019;189(10);2019-2035. PMID: 31323189 

 

1Biological and Biomedical Sciences, Cornell University, Ithaca, NY  

2Meinig School of Biomedical Engineering, Cornell University, Ithaca, NY  

3Department of Diagnostic Medicine/Pathobiology, Kansas State University, 

Manhattan, KS 

4Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, NY 

5Department of Medicine, Weill Cornell Medicine, New York, NY 

6Institute for Computational Biomedicine, Caryl and Israel Englander Institute for 

Precision Medicine, Weill Cornell Medicine, New York, NY 

7Department of Radiology, Memorial Sloan Kettering Cancer Center, New York, NY 

8Department of Healthcare Policy and Research, Weill Cornell Medicine, New York, 

NY 

9Kavli Institute at Cornell for Nanoscale Science, Cornell University, Ithaca, NY 

N.L.S performed all histological and in vitro experiments unless otherwise indicated. 

N.M.I and A.J.D provided clinical samples and demographic data, X.K.Z provided 

biostatistical support, D.D.G performed initial CLS assessment, M.J. provided 
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mammographic interpretation.  R.B., A.V, and O.E. performed transcriptomic and 

computational analysis. N.L.S, and C.F. designed the project and wrote the paper. All 

authors provided input on the manuscript. 

 

1.1 Introduction 

 Excess body weight has been associated with both an increased risk of cancer 

and worse prognosis for some tumor types55. In particular, obesity has been linked 

with the development of both hormone receptor positive postmenopausal56–58 and 

triple negative breast cancer59. Furthermore, obesity contributes to a worse clinical 

outcome in both pre- and post-menopausal breast cancer patients2,60. Historically, the 

link between obesity and breast cancer has been attributed to metabolic dysregulation, 

altered secretion of adipokines, elevated levels of estrogen, and inflammation61–64. Yet 

experimental evidence suggests that obesity-dependent interstitial fibrosis of breast 

adipose tissue may also be important42. 

 Fibrosis is a hallmark of obese white adipose tissue that is characterized by 

excess amounts of ECM of varying composition, structure, and mechanical properties 

being deposited within the stromal-vascular fraction between adipocytes, herein 

referred to as interstitial fibrosis27,42,65. Given that myofibroblasts are considered key 

players in mediating fibrosis, it is not surprising that these cells are also increased in 

white adipose tissue. More specifically, ASCs isolated from the stromal vascular 

fraction (SVF) of obese versus lean mice are enriched in myofibroblasts that lay down 

abundant ECM. The resulting ECM contains increased amounts of aligned collagen 

type I and fibronectin fibers and is mechanically stiffer, ultimately promoting 

malignant tumor cell behavior due to increased mechanosignaling42. This finding is 

directly relevant to humans as demonstrated by analysis of human breast adipose 

tissue and cancer samples42 and because ECM remodeling genes are highly enriched 
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in the transcriptomic signature of subcutaneous white adipose tissue in obese 

individuals66. While the pathophysiology underlying obesity-associated interstitial 

fibrosis is complex, it is commonly linked to WATi, another hallmark of 

obesity34,37,66. 

WATi has been identified in breast tissue from women with obesity and is 

associated with both an increased risk of breast cancer and shorter relapse-free 

survival in women with recurrent metastatic breast cancer46–48. Histologically, WATi 

appears as a grouping of macrophages surrounding dead or dying adipocytes, termed 

crown-like structures (CLS). CLS have been described in subcutaneous34, visceral 45, 

and breast 46 adipose tissue and are considered to consist of pro-inflammatory (M1) 

macrophages as their presence correlates with increased circulating levels of pro-

inflammatory cytokines and positive acute phase proteins4,67. Nevertheless, recent 

experimental evidence in mice and people indicates that anti-inflammatory (M2) 

macrophages may also be increased with obesity35,50,68. Whether similar findings apply 

to human breast adipose tissue remains unclear.   

Here, in order to investigate the hypothesis that interactions between obesity-

associated interstitial fibrosis and macrophages promote an anti-inflammatory 

phenotype, we first investigated the spatial distribution of pro- and anti-inflammatory 

macrophages and relationship of these macrophage phenotypes with interstitial 

fibrosis in tumor-free regions of breast adipose tissue via immunohistochemistry 

(IHC). We further analyzed these sections with picrosirius red staining to highlight 

interstitial fibrosis between adipocytes, and clinical mammographic imaging findings 

to correlate findings to global or bulk fibrosis of breast tissue.  

 

1.2 Materials and Methods 

Clinical data, biospecimen collection, and breast tissue assessment 
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Clinical data and archived formalin-fixed and paraffin embedded (FFPE) 

samples were obtained from a cohort of women who underwent mastectomy for breast 

cancer risk reduction or treatment between January 2011 and August 2013 at 

Memorial Sloan Kettering Cancer Center (MSKCC) in New York, NY. In this cohort, 

non-tumor-containing breast white adipose tissue, from either the contralateral breast, 

or a breast quadrant unaffected by the tumor, was prospectively collected at the time 

of surgery. CLS presence in breast adipose tissue had been previously classified in this 

cohort47.  Samples were randomly selected based on a power analysis estimating 80% 

power to detect a correlation of 0.4 using a two-sided hypothesis test with a 

significance level of 0.05.  Macrophage polarization states in breast white adipose 

tissue were evaluated via IHC on the FFPE breast tissue. Five-micrometer sections 

were probed with rabbit polyclonal anti-mannose receptor (CD206) (Abcam, 

Cambridge, MA, ab64693) or rabbit monoclonal anti-CD11c (Abcam ab52623).  The 

signal was amplified using Vectastain ABC universal kit (Vector Laboratories, 

Burlingame, CA) and detected with peroxidase substrate and DAB chromogen 

(ThermoFisher, Waltham, MA) and hematoxylin counter stain. Tissue sections were 

also stained with hematoxylin and eosin (H&E) or picrosirius red. Samples with 

repeatable severe sectioning artifact were excluded from analysis. Stained slides were 

digitally archived with an Aperio CS2 microscope (Leica Biosystems, Buffalo Grove, 

IL) and were analyzed with the ImageScope software positive pixel count algorithm 

v9. Picrosirius red-stained sections were imaged under crossed polarized light69 with a 

Nikon (Melville, NY) TE2000-S microscope and an RTKE (Spot Imaging Solutions, 

Inc., Sterling Heights, MI) color camera and images analyzed with Image J software 

(NIH, Bethesda, MD, v1.48, https://imagej.nih.gov/ij/download.html) using an 

algorithm for positive pixel counts.  Mammographic data were retrieved from the 

patient medical record, when available (n=26), and anonymized prior to use.  
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Mammographic density pattern was determined by a radiologist (MJ). Histological 

density of breast tissue was determined by evaluating the ratio of fibroglandular tissue 

to adipose tissue per section, as previously described15. 

 

Breast tissue transcriptomic and computational analysis 

At the time of collection, fresh tissue specimens were snap-frozen, stored in 

RNAlater (Ambion, Foster City, CA) and total RNA was extracted for RNA-seq using 

the RNeasy Mini Kit (Qiagen, Valencia, CA). Polyadenylated RNA-seq was 

performed using the standard Illumina (San Diego, CA) Truseq kits and samples were 

sequenced using the HiSeq2000 platform.  All reads were independently aligned with 

STAR_2.4.0f1 for sequence alignment against the human genome build hg19, 

downloaded via the UCSC genome browser, and SAMTOOLS v0.1.19 for sorting and 

indexing reads. The resultant transcripts were analyzed with the LM22 CIBERSORT 

signature70 to estimate macrophage polarization subsets, based on a signature matrix 

from 547 genes that effectively differentiate 22 distinct human hematopoietic cell 

populations, in lean versus obese breast tissue.  

 

Statistical Analysis 

All statistical analysis was performed using Prism v7.0 (GraphPad Software, La 

Jolla, CA) and R v3.4.3. Differences in patient characteristics across BMI categories 

were examined using ANOVA for continuous variables and Fisher’s exact test for 

categorical variables. Normality assumption of the parametric method was assessed by 

the Shapiro-Wilk test.  Continuous data are represented as the mean ± standard 

deviation (SD) or the median and interquartile range. Categorical data were 

summarized in terms of counts and percentages. Correlations between two continuous 

variables were assessed using Spearman’s method. Specific statistical tests used and 
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number of independent samples and replicates per experiment are listed in the figure 

legends. A Tukey’s post-hoc test was used when needed to account for multiple 

comparisons. Significance was set at P < 0.05.  

 

1.3 Study population 

 Demographic data for the 50 women selected for this study are presented in 

Table 1.  Based on body mass index (BMI), women were stratified into lean (BMI < 

25), overweight (BMI 25-29.9), and obese (BMI ≥ 30) groups.  No differences were 

found between groups with respect to age, race, breast cancer 1, early onset gene 

(BRCA) mutation, or subtype of breast cancer (such as hormone receptor positive 

versus triple negative breast cancer).  Menopausal status and breast inflammation in 

the form of histologically identified CLS were significantly different between groups. 

Women with obesity (66.7%) were more likely to be postmenopausal than lean 

(17.4%) women. The incidence of CLS increased from lean (34.8%) to overweight 

(50%) to obese (100%).   

 

1.4 Obesity-associated structural and compositional changes to breast adipose tissue 

Breast tissue is a composite of fibroglandular tissue surrounded by abundant 

adipose tissue (Figure 1). Therefore, obesity-dependent structural changes to adipose 

tissue, including interstitial fibrosis and inflammation (Figure 1) alter the breast 

microenvironment and, thus, potentially tumorigenesis.   For the purposes of the 

studies reported in Chapters 1-3, only the adipose tissue, and not the fibroglandular 

compartment of breast tissue, is being modeled. 
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Table 1: Demographic and clinicopathological features of a cohort of 50 women  

undergoing mastectomy for preventative or therapeutic reasons. BMI = body mass   

index, BRCA = breast cancer 1, early onset gene, ER = estrogen receptor, PR =  

progesterone receptor, HER2 = human epidermal growth factor receptor 2, HR =  

hormone receptor. Statistically significant p-values, as determined by either 

ANOVA for continuous variables or Fisher’s exact test for categorical variables are 

bolded. Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

 

All 

(n=50) 

Lean 

(n=23) 

Overweight 

(n=18) 

Obese 

(n=9) p-value 

Age, mean +/- SD 47.1 +/- 8.6 45.0 +/- 8.7 49.5 +/- 8.2 47.6 +/- 8.8 0.243 

Race, n (%)      

Asian 5 (10.2%) 2 (8.7%) 3 (17.7%) 0 (0%)  

Black 5 (10.2%) 1 (4.4%) 2 (11.8%) 2 (22.2%)  

White 39 (79.6%) 20 (86.9%) 12 (70.6%) 7 (77.8%) 0.379 

missing 1 (2%) 0 (0%) 1 (5.6%) 0 (0%) 0.54 

BMI, Mean +/- SD 26.3 +/- 5.5 22.1 +/- 1.8 27.5 +/- 1.6 34.6 +/- 6.1 <0.001 

Menopausal, n (%)      

Pre 33 (66%) 19 (82.6%) 11 (61.1%) 3 (33.3%)  

Post 17 (34%) 4 (17.4%) 7 (38.9%) 6 (66.7%) 0.024 

CLS, n (%)      

No 24 (48%) 15 (65.2%) 9 (50%) 0 (0%)  

Yes 26 (52%) 8 (34.8%) 9 (50%) 9 (100%) 0.002 

BRCA mutation, n (%)      

BRCA1 4 (8%) 1 (4.4%) 2 (11.1%) 1 (11.1%)  

BRCA2 1 (2%) 0 (0%) 0 (0%) 1 (11.1%)  

Negative 45 (90%) 22 (95.7%) 16 (88.9%) 7 (77.8%) 0.248 

Invasive, n (%)      

No 11 (22%) 5 (21.7%) 5 (27.8%) 1 (11.1%)  

Yes 39 (78%) 18 (78.3%) 13 (72.2%) 8 (88.9%) 0.674 

ER, n (%)      

Neg 9 (22%) 4 (20%) 3 (23.1%) 2 (25%)  

Pos 32 (78.1%) 16 (80%) 10 (76.9%) 6 (75%) 1 

missing 9 (18%) 3 (13.0%) 5 (27.8%) 1 (11.1%) 0.493 

PR, n (%)      

Neg 12 (30.8%) 5 (27.8%) 4 (30.8%) 3 (37.5%)  

Pos 27 (69.2%) 13 (72.2%) 9 (69.2%) 5 (62.5%) 0.905 

missing 11 (22%) 5 (21.7%) 5 (27.8%) 1 (11.1%) 0.674 

HER2, n (%)      

Neg 32 (82.1%) 13 (72.2%) 11 (84.6%) 8 (100%)  

Pos 7 (18%) 5 (27.8%) 2 (15.4%) 0 (0%) 0.315 

missing 11 (22%) 5 (21.7%) 5 (27.8%) 1 (11.1%) 0.674 

Triple Negative, n (%) 8 (20.5%) 3 (16.7%) 3 (23.1%) 2 (25%) 0.639 
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Figure 1: Fibroglandular breast tissue exists in close proximity to adipose tissue that 

undergoes structural alterations during obesity, including increased fibrosis secondary 

to hypoxia and infiltrates of macrophages responding to adipocytes undergoing 

necrosis, visualized as CLS.  Hematoxylin and Eosin (H&E), Bar = 300 µm, CLS 

inset Bar = 100 µm.  Published in Springer NL, et al. Am J Path 2019;189(10);2019-

2035 

 

1.5 Macrophage polarization 

Macrophages derive from either circulating monocyte or yolk sac-derived 

tissue resident pools and can be broadly classified into two phenotypes, referred to as 

polarization: 1) M1/classically activated macrophages that are pro-inflammatory in 

response to triggers like interferon gamma (IFNγ) and lipopolysaccharide (LPS) and 

2) M2/alternatively activated macrophages which are anti-inflammatory, stimulated by 

the cytokines interleukin-4 and 13 (IL-4 and IL-13) and involved in repair and 

remodeling of tissues71. Chemical stimuli inducing these phenotypes and markers of 

M1 versus M2 macrophage relevant to this body of work are summarized in Figure 2. 

Generally, M1 macrophages are considered tumoricidal whereas M2 macrophages are 

considered tumor promoting72. Hence, it is not surprising that tumor cells appear to 

educate the majority of TAMs to be biased toward an M2 phenotype73. Macrophages 

are phenotypically diverse and plastic and their phenotypes overlap on both an 

individual74 and cell population75,76 level.  Nevertheless, the simplified classification 
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of macrophages as M1 and M2 that is used here provides a framework to gain valuable 

new insights. 

 

 

Figure 2: Macrophages can polarize into two broad categories based on effector 

function: M1 pro-inflammatory macrophages and M2-anti-inflammatory 

macrophages.   CD11c and CD206 are  membrane molecules and inducible nitric 

oxide synthase (iNOS) and arginase-1 are intracellular enzymes used in the studies 

reported herein to differentiate between these polarization states. Published in Springer 

NL, et al. Am J Path 2019;189(10);2019-203 

 

1.6 Spatial organization of macrophages in human breast tissue 

Recent discoveries from diabetes research showed that local proliferation of 

anti-inflammatory M2 macrophages within interstitial regions of subcutaneous and 

epididymal white adipose tissue contributes to the macrophage burden in mice35. 

Additionally, obesity in humans increases the number of CLS67. However, a direct 

comparison of macrophage phenotype in human breast adipose tissue CLS versus 

interstitial regions is missing. 

By immunostaining for the M1 marker CD11c and the M2 marker CD206, we 

examined the density of pro- and anti-inflammatory macrophages in both interstitial 

regions and CLS of tumor-free regions of human breast tissue using a positive pixel 

count algorithm (Figure 3).   
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Figure 3: Methodology for the ImageScope positive pixel count algorithm.  Five 

representative fields of breast adipose tissue were analyzed per section. The negative 

selection tool was used to exclude cross-reactive or non-specific staining (arrows, 

illustrating CD206 immunoreactive vasculature).  Pixels were categorized as negative, 

weak, moderate or strong.  For the purposes of this study, only strong positive pixels 

are included in analysis. Analysis was performed blinded to BMI for each section. Bar 

= 200µm. Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

Although both CD11c+ and CD206+ macrophages were present in CLS 

(Figure 4A, upper), quantitative image analysis revealed that CD206+ macrophages 

were the dominant phenotype in the adipose tissue interstitium in both lean and obese 

individuals (Figure 4B). While obesity increased the density of CD206+ macrophages, 

no difference was detected for CD11c+ macrophages in the interstitium (Figure 4B). 

Importantly, the quantity of interstitial CD206+ macrophages was not affected 

by the specimens’ CLS status (Figure 5). These findings suggest that CD206+ 

macrophages in the stromal vascular compartment develop through mechanisms 

independent of those commonly associated with the formation of CLS, such as 

cytokine-mediated recruitment of circulating monocytes, differentiation to 

macrophages, and M1 polarization in response to adipocyte-secreted factors34,77,78. 
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Figure 4: A) Representative photomicrographs from the breast adipose tissue of one 

woman with obesity illustrating two spatially distinct compartments of macrophages, 

CLS that are composed predominantly of CD11c+ M1-biased macrophages, and 

interstitial macrophages between adipocytes, composed predominantly of CD206+ 

M2-biased macrophages as determined by immunohistochemistry (IHC). Bar = 

100µm. B) The interstitium of breast adipose tissue contains more CD206+ versus 

CD11c+ macrophages regardless of obesity; however, CD206+ macrophage density is 

increased in obese versus lean women. Analysis was performed blinded to BMI for 

each section n=26 sections, 5 representative images per section, each data point is the 

average value of those 5 images. Two-way ANOVA with Tukey’s post-test, data are 

expressed as means ± SD *** = p <0.001, **** = p <0.0001. Published in Springer 

NL, et al. Am J Path 2019;189(10);2019-2035 

 

  

 

Figure 5: CD206 immunoreactivity of macrophages in the interstitial adipose tissue 

compartment is independent of the presence or absence of crown-like structures in 

breast (CLS-B) adipose tissue. CLS presence was determined by pathologist 

assessment of H&E-stained serial sections. Analysis was performed blinded to BMI 

for each section For CD206 quantification, 5 representative images per section were 

analyzed. Each data point is the average of the 5 images per section. Data represented 

as median and interquartile range, Mann-Whitney U analysis. Unpublished data.  
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1.7 Confirmation of macrophage phenotypes via computational biology  

methodology 

To corroborate our IHC data with a more comprehensive molecular data set, 

we performed CIBERSORT analysis to estimate the proportions of M2-biased versus 

M1-biased macrophages in lean and obese human breast adipose tissue70 from the 

same cohort of women used for IHC studies.  CIBERSORT is a computational 

approach that allowed us to infer the representation of different macrophage 

phenotypes based on the transcriptome of bulk breast tissue.  

Similar to IHC results, CIBERSORT analysis predicted more M2-biased 

macrophages in breast adipose tissue regardless of BMI (Figure 6) and that the burden 

of M2 macrophages was higher in obese versus lean adipose tissue whereas no 

difference was detected for RNA transcript patterns indicative of M1-biased 

macrophages (Figure 6). 

 

 

Figure 6: Computational analysis of macrophage phenotype via CIBERSORT 

analysis of RNA transcripts (n = 26) corroborates IHC data with significant 

enrichment of M2-biased macrophages in obese versus lean breast tissue. Two-way 

ANOVA, data represented as mean ± SD. *** = p <0.001, **** = p <0.0001. 

Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 
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 Collectively, these results suggest that, although obesity is associated with a 

pro-inflammatory M1 macrophage phenotype both histologically and 

biochemically34,37, M2-biased macrophages are the predominant macrophage 

population in breast adipose tissue interstitium and increase with obesity.  

  

1.8   Interstitial fibrosis of human samples correlates to M2-biased macrophage 

polarization state 

Prior work suggested that obesity causes interstitial fibrosis29,79, increased 

fibrosis correlates to increased macrophage infiltration11, and an anti-inflammatory 

macrophage phenotype can be induced by compositional, mechanical and 

topographical cues associated with fibrotic ECM remodeling52,54,80,81. Therefore, we 

next questioned whether interstitial fibrosis in obese breast adipose tissue might 

mediate the detected differences in macrophage populations. 

First, we confirmed by image analysis of picrosirius red-stained cross-sections 

that obesity is associated with increased interstitial collagen, a hallmark of fibrosis, in 

our patient cohort29,32. Interstitial collagen deposition between adipocytes was 

significantly increased in samples from obese individuals (Figure 7A and B) and 

positively correlated with BMI (Figure 8A). Image analysis of consecutive cross-

sections revealed that increased interstitial fibrosis correlated with greater numbers of 

CD206+ macrophages (Figure 7C). This finding was supported by analysis of paired 

histological and RNA samples, which suggested that interstitial fibrosis and 

CIBERSORT M2 score were similarly interrelated (Figure 7D). Importantly, the same 

trends were not evident for CD11c+ macrophages within the interstitium or 

CIBERSORT M1 score (Figure 7E and 7F, respectively). Similarly, no correlation 

existed between the density of interstitial CD11c+ macrophages and BMI (Figure 8B). 

These results suggest that obesity-associated interstitial fibrosis could have a direct  
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Figure 7: A and B) Interstitial extracellular matrix (ECM) is more fibrotic in obese 

versus lean or overweight breast adipose tissue as determined by image analysis and 

pixel quantification of picrosirius red stained sections under polarized light. Analysis 

was performed blinded to BMI for each section. Data represented as median and 

interquartile range, Kruskal-Wallis analysis n=37, 5 representative images per section, 

** = p <0.01 Bar = 50µm. C, D, E, and F) Interstitial fibrosis positively correlates to 

CD206+ IHC and CIBERSORT M2 score (C and D, n=37) but not CD11c IHC (E, 

n=26) or CIBERSORT M1 score (F, n=37).  (C-F) Red dashed line illustrates the best 

fit line as determined by linear regression.  Published in Springer NL, et al. Am J Path 

2019;189(10);2019-2035 

 

B 

r
 
= 0.34 

p = 0.02 

P
o
la

ri
z
e
d
 

B
ri
g

h
tf
ie

ld
 

Lean  Obese  A 

C 

r = 0.35 

p = 0.06 

D 

E F 

r
 
= 0.13 

p = 0.52 

r
 
= -0.11 

p = 0.46 



23 

effect on macrophage polarization towards a M2- but not M1-biased phenotype in 

breast adipose tissue. 

 

Figure 8: A) Spearman Rank correlation between BMI and interstitial fibrosis as 

determined by image analysis and positive pixel quantification of picrosirius red 

stained sections from lean and obese women imaged under polarized light (n=26).B) 

Spearman Rank correlation between BMI and CD11c labeling as determined by image 

analysis and positive pixel quantification of IHC sections from lean and obese women 

(n = 28).  Red dashed line illustrates the best fit line as determined by linear 

regression. Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

 These results suggest that obesity-associated interstitial fibrosis could have a 

direct effect on macrophage polarization towards a M2- but not M1-biased phenotype 

in breast adipose tissue. 

 

1.9 Mammographic and histological breast density are not predictive of interstitial  

fibrosis or macrophage content 

Given our observations that obesity causes an increase in interstitial fibrosis, 

but that obesity is typically associated with decreased breast tissue density due to 

accumulation of fatty tissue, which appears radiolucent on mammography82, we next 

evaluated whether bulk breast fibrosis, i.e. the ratio of fibroglandular tissue to adipose 

tissue, would correlate to M2 macrophage phenotype.  
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As expected, histological density grade was inversely related to BMI (Figure 

9A) and there was a significant difference in the proportions of mammographic 

patterns between, lean, overweight, and obese women (Figure 9B). The differences 

between mammographic density pattern and histopathological density score between 

lean, overweight, and obese women (Figure 9A and B) did not predict interstitial 

fibrosis (Figure 10A) or M2 macrophage burden as detected by CD206 IHC and 

CIBERSORT M2 data (Figure 10B and C).  

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 9: A) Histological breast density, assessed by the ratio of fibrous tissue to 

adipose tissue15 (i.e. bulk fibrosis) is inversely correlated with BMI. Data represented 

as median, interquartile range, and min-max, Kruskal-Wallis analysis, p < 0.05 n=50 

sections. B) The distribution of mammographic density patterns is significantly 

different between body condition, Chi-squared analysis, p < 0.001. Published in 

Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

A 

Scattered 
Densities Heterogenous 

Extremely 
Dense 

B 

H
&

E
 

Grade 1  Grade 3 Grade 5 
P

ic
ro

s
ir
iu

s
 

 R
e
d
 

* 



25 

 

 

 

 

 

 

 

Figure 10: A) The distribution of mammographic density patterns is not predictive of 

interstitial fibrosis. Additionally, macrophage burden, as determined by both B) 

CD206 IHC and C) CIBERSORT analysis of RNA transcripts, cannot be predicted by 

mammographic density pattern, data represented as median and interquartile range, 

Kruskal-Wallis analysis, n=26, data represented as median and interquartile range. 

 

Collectively, these results indicate that obesity-associated interstitial fibrosis 

might play a role in modulating macrophage phenotype and function in obese breast 

adipose tissue, but that these changes cannot be diagnosed with conventional clinical 

imaging techniques that focus on detection of gross breast tissue density. 

 

1.10 Discussion 

The link between chronic inflammation and cancer development is well-

established83–85; however, in the case of obesity, much of the focus has been on WATi 

in the form of CLS.  WATi has been associated with both an increased risk of breast 

cancer48 and worse prognosis46,47.  WATi has been shown to be reversible with weight 

loss in mouse models of obesity49.  However, a recent secondary analysis of a large 

randomized clinical trial indicated that weight loss in postmenopausal women did not 

significantly reduce risk for invasive breast cancer development86.  This suggests that, 

although WATi in the form of CLS appears to be reversible with weight loss, other 

A B C 
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changes to adipose tissue during obesity, such as fibrosis or expanded M2 macrophage 

populations, may be playing a role. 

 The recognition of the relationship between anti-inflammatory macrophages 

and upregulated cancer-related pathways in obese adipose tissue macrophages spans 

the last decade50,68. Indeed, similar to our study, M2 macrophages have been 

previously identified to reside within the interstitium of obese adipose tissue28,35.  

However, our global hypothesis that the interactions between obesity-associated 

interstitial fibrosis and macrophages might promote M2 or tumor-associated 

macrophage (TAM)-like polarization is a unique inquiry brought about by the recent 

characterization of interstitial fibrosis within breast adipose tissue42 and that 

macrophages are sensitive to both biochemical and biophysical changes of the ECM 

that occur with fibrosis52,54. Due to substantial plasticity of macrophage function, and 

overlapping phenotypes of macrophage subsets, therapeutically targeting tumor-

promoting macrophages has yet to yield positive results in clinical trials87.  Therefore, 

targeting the underlying interstitial fibrosis might be a novel approach to modulate the 

microenvironment and prevent TAM-like functions of adipose tissue macrophages in 

obesity. 

Macrophages are a very heterogeneous population of cells in which the M1 

and M2 nomenclature used here represent extremes. Indeed, recent studies have 

illustrated that adipose tissue macrophages have activation states that do not conform 

to the classical definitions of M1 or M2 macrophages74,88,89. We acknowledge that the 

characterization of macrophages as either M1- or M2-biased in our study is 

oversimplified; however, our findings have identified compelling trends, and is a 

starting point for additional inquiry in this underexplored field of the physical, rather 

than chemical, microenvironment participating in the process of macrophage 

polarization. A limitation of our study is the use of single markers to determine an M1 
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versus M2-bias of macrophages. However, approaches that afford detailed 

characterization of macrophage phenotype such as flow cytometry, gene expression 

profiling, and computational methodologies sacrifice the spatial organization and 

relationships that were essential findings in our study.  We elected not to perform 

double-labeling experiments to assess dual-expression of CD11c and CD206 in our 

study cohort.  There is conflicting information in the literature regarding the presence 

of CD11c, CD206 double-positive macrophages in adipose tissue.  One study 

performed in a diet-induced mouse model of obesity found no overlap between 

CD11c+ and CD206+ macrophages via flow cytometry90.  However, other studies 

using adipose tissue from both mice and people have identified a low percentage of 

CD11c, CD206, double-positive macrophages, ranging from 7-20% of adipose tissue 

macrophages91,92.  We consider it unlikely that inclusion of a small proportion of 

double-positive cells in our dataset would significantly alter our conclusions, 

particularly given the robust corroboration of CIBERSORT analysis of macrophage 

RNA transcripts with our IHC data.  

Unlike IHC which is binary or, at best, semiquantitative based on labeling 

intensity, CIBERSORT analysis provides a score on a continuous scale that is more 

likely to recapitulate the spectrum of macrophage activation states.  Furthermore, as 

CIBERSORT uses a large dataset of 547 genes to predict macrophage activation, thus 

is potentially more comprehensive in determining macrophage polarization than any 

feasible number of IHC markers. Nevertheless, future studies could be performed 

utilizing additional IHC markers to increase characterization of macrophage 

populations localized within the breast adipose interstitium.  

We identified a trend for breast adipose tissue from women with obesity to 

have a higher density of interstitial fibrosis and that this degree of interstitial fibrosis 

appears to associate with M2-biased, but not M1-biased macrophage populations.  
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Admittedly, there was significant overlap in the degree of interstitial fibrosis between 

the lean and obese women in our cohort.  In retrospect, this overlap is likely due to a 

paucity of adipose tissue to evaluate in some of the sections from lean women and 

inclusion of some fibroglandular areas of breast.  The five lean women with the 

highest interstitial fibrosis scores all had a bulk fibrosis score (derived from the ratio 

of fibroglandular tissue to fat) of 4 or 5 indicating very little adipose tissue present 

within these tissue sections.  Digitally scanned sections, which would facilitate 

freehand exclusion of fibroglandular regions for analysis and calculation of total area 

analyzed for normalization purposes, could not be used in this case due to the need to 

view picrosirius red stained sections under crossed polarized light. Additional tissue 

sections from each women could be analyzed to increase the total area of adipose 

tissue to select from and minimize inadvertent inclusion of fibroglandular tissue in the 

analysis.  The lack of adipose tissue in these sections has also likely affected the 

correlations between interstitial fibrosis and macrophage phenotype, which are, 

admittedly, weak.  Additional women and multiple breast sections per woman, should 

be evaluated to confirm our initial findings.  

Increased mammographic density has consistently been identified as an 

independent risk factor for breast cancer8,82. Recent evidence indicates that an increase 

in macrophage numbers within the breast fibroglandular region positively correlates 

with the amount of stromal collagen93, cancer invasion, and aggression11.  However, 

neither of these studies assessed BMI within their cohort, macrophage populations 

residing adjacent to the fibroglandular compartment within the adipose tissue, or 

distinct subsets of macrophage populations. Interestingly, our study found that 

mammography is insensitive to detect interstitial fibrosis within breast adipose tissue. 

This finding alters the paradigm of the definition of breast density suggesting that 

microscale fibrosis might be similarly important to gross/bulk fibrosis.  Knowing that 
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the interstitial adipose tissue M2-biased macrophages are migratory35, future studies 

are needed to evaluate whether this population is a source for recruitment of TAMs 

into the fibroglandular compartment during tumor development.    

 A limitation of the study is the use of breast tissue derived from tumor-bearing 

women undergoing mastectomy for therapeutic purposes. Within the tumor 

microenvironment there is extensive crosstalk between cancer and stromal cells.  

Regarding the cross-talk between cancer cells and adipocytes, the majority of research 

has been unidirectional evaluating paracrine effects of cancer-associated adipose tissue 

on breast cancer cells, which has been extensively analyzed and reviewed elsewhere94–

96.  The effect of the cancer secretome on adipose tissue associated with the tumor is 

less understood.  One study, using a mouse melanoma cancer model, identified 

abundant inflammation and fibrosis in adipose tissue (similar to what we have 

observed in obesity) immediately adjacent to the implanted tumor relative to distant 

(contralateral) control adipose tissue97. Given this information, since all of the samples 

collected for our studies were derived from an unaffected quarter of breast, or the 

contralateral breast in cases of double mastectomy, breast cancer-mediated paracrine 

effects on distant adipose tissue are considered less likely. Yet, current evidence 

regarding primary tumor ability to prime distant sites for metastasis, the “pre-

metastatic niche” also suggests that tumor-derived influence on distant adipose tissue 

cannot be completely excluded. However, this effect should be similar in both lean 

and obese women in our population as there was no difference in breast cancer 

subtypes between groups.  Nevertheless, tumor-free breast adipose tissue could be 

requested from biospecimen repositories such as the National Disease Research 

Interchange to confirm our results. 



30 

CHAPTER 2 

 

EXTRACELLULAR MATRIX-MACROPHAGE INTERACTIONS IN OBESITY 

REGULATE MACROPHAGE ACTIVATION AND FUNCTION 

 

Chapter written using content modified from the following publication:   
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Dannenberg5, and Claudia Fischbach2,9 Obesity-associated extracellular matrix 
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biostatistical support, D.D.G performed initial CLS assessment, M.J. provided 

mammographic interpretation.  R.B., A.V, and O.E. performed transcriptomic and 

computational analysis. N.L.S, and C.F. designed the project and wrote the paper. All 

authors provided input on the manuscript. 

 

2.1 Introduction 

 Macrophages are hematopoietic cells that have wide physiologic roles in the 

body ranging from innate immunity to trophic roles during development and disease21.  

During health, fibrosis and macrophagic inflammation are well-coordinated and self-

limiting; for example,  resolution of mechanical98 and biochemical stimuli upon 

completion of wound healing99. Tumors, on the other hand, behave like ‘wounds that 

never heal’ and thus are characterized by continued and unchecked pro-fibrotic and 

pro-inflammatory signaling100. Indeed, increased stroma stiffness in clinical breast 

cancer samples positively correlates with the number of infiltrated macrophages, 

called tumor-associated macrophages, and this correlation is stronger in more 

aggressive tumor subtypes11.  

While most previous work studying the functional link between inflammation 

and the ECM has focused on how macrophages mediate fibrotic ECM remodeling101–

103, the opposite may be equally relevant; i.e., how the ECM influences macrophages. 

Within adipose tissue, macrophages also interact with ECM as they exist within the 

interstitial space between adipocytes35 in which fibrotic remodeling is abundant. 

Nevertheless, it remains unknown whether or not obesity-associated differences in 

interstitial ECM remodeling modulate macrophage polarization towards an anti-

inflammatory and possibly pro-tumorigenic phenotype. Yet this possibility is 

conceivable as macrophages can transition to an M2 phenotype when interacting with 
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substrates mimicking biochemical and biophysical changes representative of fibrotic 

ECM remodeling52,54,104.   

Here, we explore the hypothesis that obesity-associated ECM remodeling 

modulates macrophage polarization.  To assess whether the in vivo correlation 

between interstitial fibrosis and anti-inflammatory M2 macrophage phenotype has a 

causal relationship, we utilized an in vitro model system utilizing decellularized ECM 

derived from lean and obese adipose stromal cells from mouse inguinal fat pads and 

murine bone marrow-derived macrophages that allowed us to directly interrogate 

macrophage phenotypic changes in response to obesity-specific ECM remodeling. 

 

2.2 Materials and Methods 

Animal Usage 

The Cornell University and Kansas State University Institutional Animal Care 

and Use Committees approved mouse usage for both adipose stromal cell (ASC) and 

bone marrow-derived macrophage (BMDM) isolation under protocol number 2009-

0117 and 4094, respectively.  

 

Preparation of the decellularized ECM model system 

Decellularized ECMs were created by in vitro culture of ASCs isolated from 

lean and obese mice.  ASC were harvested using aseptic technique from the inguinal 

fat pad of age-matched 10-week-old female wildtype (WT) C57Bl6/J mice and 

genetically obese B6.Cg-Lepob/J (ob/ob) mice (both strains from The Jackson 

Laboratory, Bar Harbor, ME) after CO2 euthanasia. The fat pad was maintained under 

sterile conditions, minced, and digested in collagenase at 37 oC for 1hr.  After 

digestion, the stromal-vascular fraction of fat was separated from adipocytes by 

density centrifugation and subsequent filtration and then expanded in 1:1 Dulbecco’s 
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Modified Eagle Medium and Ham’s F12 Nutrient Mixture (DMEM/F12) (both 

obtained from Gibco, Waltham, MA) enriched with 10% fetal bovine serum (FBS, 

Atlanta Biologicals, Flowery Branch, GA) and 1% Penicillin/Streptomycin (Gibco) to 

select for ASC. Expanded ASCs were cultured on plastic coverslips (Nunc 

Thermanox, Rochester, NY) for 10 days prior to detergent-based decellularization. 

Decellularization was achieved as previously described42,105. Briefly, ASC cultures 

were washed with PBS and subsequently incubated in 0.5% Triton-X + 200 mM 

NH4OH42,106,107 followed by incubation in 1U/mL DNase (VWR Amresco, Radnor, 

PA) at 37 oC to remove cellular membranes, organelles, and nucleic acids. Following 

decellularization, maintenance of native matrix structure and key compositional 

components was confirmed by immunofluorescence (IF) analysis of fibronectin 

(Millipore-Sigma, St. Louis, MO, F7387) and collagen type I (Abcam ab34710) via 

confocal microscopy (ZEISS 710, Pleasonton, CA) and image analysis. 

 

Bone marrow-derived macrophage (BMDM) isolation 

Bone marrow was isolated from the femurs and tibiae of 10-16-week-old WT 

C57Bl6/J mice. Briefly, after bone extraction, remaining musculature was stripped and 

the bones were cut via sterile scissors at the proximal and distal physis. Using a 

syringe and 25g needle, the bone marrow was flushed from the metaphyseal regions 

and diaphysis with DMEM cell culture media into a sterile tissue culture plate.  Bone 

marrow was suspended and plated in 9 cm dishes and cultured at 37 °C. Progenitor 

cells were differentiated into BMDM in DMEM + 10% FBS + 1% 

Penicillin/Streptomycin + 10 ng/mL recombinant mouse macrophage colony 

stimulating factor (M-CSF, R&D Systems, Minneapolis, MN) and were used for 

experiments between day 7 and 10 post-collection.   
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Assessment of macrophage morphology and activation 

Prior to experiments assessing ECM-mediated regulation of macrophage 

polarization, we assessed our capability to polarize BMDM to M1 versus M2 

macrophages in 2D culture using standard protocol76. BMDM were seeded on 

20ug/mL Fn-coated glass coverslips at 10,000 cells per coverslip and allowed to 

adhere overnight.  After adherence, BMDM were cultured either in complete DMEM 

to maintain a non-polarized phenotype (M0), or complete DMEM + 100ng/mL LPS or 

20ng/mL IL-4 and 20ng/mL IL-13, to induce M1 and M2 polarization, respectively.  

After 24 hours culture, BMDM were labeled with 4’6-diamidino-2-phenylindole 

(DAPI), phalloidin (Molecular Probes AlexaFluor®568), and goat polyclonal anti-

arginase-1 (Santa Cruz Biotechnology sc-18351) followed by a secondary anti-goat 

AlexaFluor®488. Labeled BMDM were evaluated under both phase contrast and 

epifluorescence microscopy for morphological features characteristic of M1 and M2 

macrophages in vitro23 and arginase-1expression.  

BMDM were seeded on lean and obese decellularized ECM at a concentration 

of 10,000 cells/coverslip and cultured in DMEM + 10% FBS + 1% 

Penicillin/Streptomycin and 10ng/mL recombinant mouse M-CSF.  After 72 hours of 

culture, BMDM and ECM were fixed with 4% paraformaldehyde (PFA). Cells were 

labeled with 4’6-diamidino-2-phenylindole (DAPI) and phalloidin (Molecular Probes 

AlexaFluor, Waltham, MA), while decellularized ECM was visualized by 

immunostaining with rabbit anti-fibronectin (Fn) antibody (Millipore-Sigma F3648).  

Macrophage polarization state was evaluated by quantifying the murine M1 marker 

iNOS (Abcam, ab3523) and M2 marker arginase-176 protein levels (Santa Cruz 

Biotechnology, Dallas, TX, sc-18351) via IF image analysis. Macrophage proliferation 

was assessed via bromodeoxyuridine (BrdU, Invitrogen, Waltham, MA) incorporation 

and immunostaining with anti-BrdU antibody (Invitrogen) after 10 hours of culture. 
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Preliminary studies demonstrated that BMDM cultured on decellularized ECM will 

not polarize without appropriate stimulation; therefore, BMDM were stimulated to 

undergo M1 polarization with 100ng/mL lipopolysaccharide (LPS) (Millipore-Sigma) 

or M2 polarization with 20 ng/mL interleukin (IL)-4 and -13 (R&D Systems) for 

decellularized ECM experiments, unless otherwise noted.   

 

Statistical Analysis 

All statistical analysis was performed using Prism v7.0 (GraphPad Software, 

La Jolla, CA). Normality assumption of the parametric method was assessed by the 

Shapiro-Wilk test.  Continuous data are represented as the mean ± SD or the median 

and interquartile range. Specific statistical tests used and number of independent 

samples and replicates per experiment are listed in the figure legends. A Tukey’s post-

hoc test was used when needed to account for multiple comparisons. Significance was 

set at P < 0.05.  

 

2.3 Decellularized extracellular matrix model to study macrophage-ECM 

interactions in obesity 

Macrophages have typically been studied in monolayer culture on tissue-

culture plastic or by in vivo models. While traditional tissue culture methods have led 

to important new insights, they cannot recapitulate the ECM compositional, structural, 

and mechanical changes that regulate macrophages during fibrosis. In vivo mouse 

models, on the other hand, may not fully mimic human disease due to structural 

differences in the mouse mammary gland108 and difficulty in controlling isolated or 

select parameters. Natural biomaterials, such as decellularized ECM, offer a unique 

and controlled opportunity to study macrophage-ECM interactions, given their 

intrinsic biochemical and physical similarity to the native ECM107. They can be 
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prepared from cells or tissues prone to increased fibrotic remodeling42, such as adipose 

stromal cells, and are suitable to study macrophage responses to ECM-structure, 

biochemical composition, or mechanics. 

Obesity-associated, fibrotic ECM remodeling in people is characterized by 

increased concentrations of fibrillar ECM components including fibronectin and 

collagen type I that can be visualized by IHC and Second Harmonic Generation (SHG) 

imaging, respectively (Figure 11A). Importantly, detergent-based decellularization of 

ECMs deposited by lean and obese ASCs isolated from wildtype (WT) and genetically 

obese (ob/ob) mice (Figure 11B) can be used to generate cell culture substrates with 

similar compositional and structural properties as the interstitial ECM identified in 

lean versus obese breast adipose tissue from people (Figure 11A and C)42. 

 

 

Figure 11: A) Representative photomicrographs illustrating the distribution of human 

adipose tissue interstitial ECM in between adipocytes via H&E (top) and visualizing 

fibronectin (Fn) and collagen, two key components of interstitial fibrosis, by IHC 

(middle) and second harmonic generation (SHG) imaging (bottom), respectively. Bar 

= 50 µm. B) Schematic illustrating protocol for adipose stromal cell isolation (ASC) 

from the inguinal fat pad of lean wild-type and obese (ob/ob) age-matched mice and 

their use for preparation of decellularized ECMs. C) Representative confocal 

microscopy images of decellularized ECM assembled by lean and obese ASCs after 

immunostaining for Fn, illustrating a similar fibrillar composition as seen in human 

adipose interstitial ECM.  Bar = 50 µm. Published in Springer NL, et al. Am J Path 

2019;189(10);2019-2035 
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 Following decellularization, maintenance of native matrix structure and key 

compositional components was confirmed by immunofluorescence analysis of 

fibronectin (Sigma F7387) and collagen type I (Abcam ab34710) via confocal 

microscopy (Zeiss 710) and image analysis (Figure 12). 

 

 

Figure 12: The in vitro decellularized extracellular matrix model mimics in vivo 

interstitial fibrosis. A) Composite and single-channel confocal microscopy image of 

ECM assembled by lean and obese adipose stromal cells (ASC). B) After 

decellularization, matrices retain a similar fibrillar structure with increased ECM 

component (Fibronectin [Sigma F7387], Collagen I [Abcam ab34710] ) deposition in 

matrices assembled by obese ASC (C, D) as determined by immunofluorescence 

image analysis of 3 coverslips per condition and 10 images per coverslip. Data are 

mean ± SD from one representative experiment, Student’s t-test analysis. ** = p < 

0.01 Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 
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2.4 Preparation and validation of bone marrow-derived macrophages (BMDM) 

Syngeneic, primary BMDMs were used to assess ECM-mediated regulation of 

macrophage polarization. In our hands, we were able to recapitulate characteristic 

morphological changes of in vitro M1 versus M2 polarization identified by others23,52, 

including a circular and spread morphology for M1-polarized macrophages and 

elongated morphology for M2-polarized macrophages (Figure 13).  

 

 

 

 

 

 

 

 

 

 

 

Figure 13:  Representative phase contrast and epifluorescence microscopy images of 

bone marrow-derived macrophages (BMDM) cultured without stimulation (M0), with 

100ng/mL LPS (M1) and with 20ng/mL IL-4 and 20ng/mL IL-13 (M2).  Note that 

macrophages stimulated to polarize to an M1 phenotype display a characteristic 

rounded and flattened shape and lack Arginase-1 expression on epifluorescence 

microscopy.  Macrophages that are stimulated to polarize to an M2 phenotype are 

elongated with arginase-1 expression.  Unstimulated BMDM (M0) have an 

intermediate morphology and mostly lack arginase-1 expression.  Phase contrast scale 

bar = 50um, epifluorescence scale bar = 25um.  Unpublished data. 

 

2.5 Assessment of ECM-mediated macrophage morphology  

 Because macrophage morphology correlates with polarization state, we first 

assessed whether macrophage morphology can be directly regulated by contact with 
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lean versus ECM.  To do this, we assessed BMDM alignment with ECM fibers and 

BMDM aspect ratio when cultured on decellularized ECMs assembled by lean versus 

obese ASCs. Interestingly, BMDMs cultured on obese ECM exhibited more 

significant alignment in the direction of ECM fibers than their counterparts cultured 

on lean ECMs (Figure 14).  Additionally, analysis of the cells’ aspect ratio revealed 

that macrophages were more elongated when they were cultured on obese versus lean 

ECM (Figure 15). This data supports our hypothesis that contact with obesity-

associated ECM promotes an anti-inflammatory M2-biased phenotype as interactions 

with ECM resulting in increased alignment and elongation have been shown to 

upregulate phenotypic markers of anti-inflammatory M2 macrophages52,109. 

 

 

 

 

 

 

Figure 14: Representative confocal microscopy images of decellularized ECM 

assembled by lean and obese ASCs after immunostaining for Fn.  Bar = 50 µm. 

BMDM and ECM alignment were both quantified using the directionality plugin in 

Image J. Directional alignment was normalized to 0° per condition in order to control 

for differences in sample orientation during imaging; angle distribution was binned 

into 20° increments, as previously described110. For each condition, 3 randomly 

selected sections were analyzed per sample for a total of 3 samples per condition. 

BMDM cultured on lean and obese decellularized matrices (dashed lines highlight the 

long axis of the macrophages) are more aligned with the matrix (0 on X-axis 

represents perfect alignment).  Published in Springer NL, et al. Am J Path 

2019;189(10);2019-2035 
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Figure 15: Bone marrow derived-macrophages (BMDM) exhibit increased 

elongation, regardless of polarization stimulation,when cultured on obese versus lean 

decellularized ECM as determined by confocal microscopy and image analysis using 

the fit elipse algorithm in Image J. Data are represented as median and interquartile 

range of top 25% of cells plotted, Mann Whitney U analysis, * = p < 0.05 **** = p < 

0.0001.  Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

2.6 Assessment of ECM-mediated macrophage proliferation 

 Furthermore, previous reports indicated that proliferation of adipose tissue 

macrophages occurs exclusively in CD206+ M2 macrophages in obesity35. 

Accordingly, macrophage proliferation was assessed via bromodeoxyuridine (BrdU) 

incorporation and immunostaining with anti-BrdU antibody (BrdU staining kit, 

Invitrogen 93-3943) after 10 hours of culture. BMDM cultured on obese versus lean 

ECMs were also more proliferative as detected by BrdU staining (Figure 16). 

 

2.7  ECM-mediated macrophage polarization 

To test whether the different ECMs also affected macrophage polarization 

under the influence of appropriate cytokine stimulation, we assessed BMDM arginase-

1 and CD206 (Abcam ab64693) as markers of M2-bias, and iNOS expression as a 

marker of M1-bais via IF.   

 

LPS IL-4 and IL-13 
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Figure 16: BMDM cultured on obese decellularized ECM are more proliferative as 

determined by BrdU incorporation with IF image analysis, 3 independent experiments, 

30 representative images per condition per experiment, Bar = 25µm. Data are 

represented as mean ± SD, Student’s t-test analysis. *** = p < 0.001 Published in 

Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

Immunofluorescence image analysis indicated consistently increased numbers 

of arginase-1- and CD206-positive BMDMs cultured on obese ECM versus lean ECM 

(Figure 17).  There was no difference in iNOS expression in the face of LPS 

stimulation with BMDM cultured on lean versus obese ECM (Figure 18).  Taken 

together, these results suggest that macrophage interactions with obese ECM enhance 

an anti-inflammatory M2 macrophage phenotype when exposed to IL-4 and IL-13 

whereas interactions with lean ECM do not influence M1 polarization when exposed 

to LPS stimulation. 

 

2.8 Discussion 

Given their intrinsic biochemical and physical similarity to the native ECM, 

decellularized ECMs prepared by detergent-based extraction offer promise to study 

macrophage activation107. They can be prepared from cells or tissues prone to 

increased fibrotic remodeling42 and are suitable to study macrophage responses to  
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Figure 17: A greater proportion of BMDM cultured on obese decellularized matrix 

express the M2-macrophage marker arginase-1, when exposed to interleukin (IL) -4 

and IL-13, as determined by number of positive cells identified by IF confocal image 

analysis, 3 independent experiments, 15 images per condition per experiment.  Bar = 

25µm.  Data are represented as mean ± SD, Student’s t-test analysis. * = p < 0.05 and 

*** = p < 0.001 Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

 

Figure 18: There is a no significant difference in iNOS expression in LPS-treated 

BMDM cultured on obese versus lean decellularized matrices as determined by 

epifluorescence microscopy and image analysis.  Data are represented as mean ± SD, 

Student’s t-test analysis. Published in Springer NL, et al. Am J Path 

2019;189(10);2019-2035 



43 

ECM-dependent changes in mechanosignaling or mechanoactivation activation of 

growth factors, such as transforming growth factor (TGF) β. However, decellularized 

ECMs do have limitations such as variation between batches, difficulty in scaling up 

for higher throughput applications, and are mostly prepared from cells derived in 2D 

cultures, which may alter parent-cell functions from natural physiology.  Controlling 

functional properties of these ECMs selectively and across multiple time and length 

scales is still difficult and, due to the limited thickness of such substrates, re-seeded 

cells may respond to the underlying culture plate rather than the ECM itself111. 

However, culture of BMDM on decellularized ECM did identify differences in 

macrophage phenotype between ECMs assembled by lean versus obese ASCs.  There 

are several physical factors that might play a role in this observed difference.  First, 

substrate stiffness is one of the best-studied physical factors that modulates 

macrophage function. Substrate stiffness has been identified to reduce pro-

inflammatory responses54,104 and obesity-associated ECM remodeling has been 

identified to have increased stiffness over the lean counterpart both in vivo and in the 

decellularized ECM model system used here42.  Thus ECM stiffness is a compelling 

avenue for further investigation of obesity-associated ECM enhancing M2-bias to 

macrophage polarization.  

Yet, stiffness alone might not explain the observed differences as the structure 

of ECM incorporate several other physical factors known to modulate macrophage 

functions.  For example, cellular elongation has been shown to promote an M2-biased 

macrophage phenotype in the absence of cytokine stimulation52.  The increased aspect 

ratio and linearity observed in macrophages cultured on the obese ECM suggests that 

the properties of macrophage adhesion to obese ECM facilitate cellular elongation and 

thus may additionally either promote an anti-inflammatory phenotype or inhibit a pro-

inflammatory phenotype during macrophage polarization.   
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Topography is also known to play a role in macrophage polarization states. 

Differences in substrate roughness112,113, fiber diameter25,114,115, porosity109,114, or 

spatial confinement109 have all impacted macrophage activation states.  Prior work in 

our laboratory detected thicker and more linearized ECM fibers in obese versus lean 

ECM42 This finding is a captivating target for further evaluation as thicker or stretched 

ECM fibrils are typically stiffer than thinner or unstretched fibers116,117, which may 

impact macrophage activation simultaneously through mechanical and topographical 

mechanisms. A deeper characterization of the structural and topographical differences 

between the lean and obese decellularized ECM is necessary to identify potential 

physical contributors to macrophage polarization. Interestingly, studies in other 

laboratories have found that M2 activation is quite sensitive to spatial/topographical 

manipulation, whereas the M1 activation state appears to be insensitive to these 

cues52,109, similar to what we have reported herein in both our in vivo IHC and 

CIBERSORT data as well as the in vitro immunofluorescence studies. Future studies 

need to be performed to assess whether physical influences, such as ECM composition 

and structure, are sufficient to overcome pro-inflammatory stimuli.  

One limitation of this study is the use of a single modality, 

immunofluorescence, to identify macrophage polarization state.  Immunofluorescence 

is semi-quantitative regarding enzyme and protein expression and IF results could be 

corroborated by more quantitative methods such as ELISA of cytokine profiles on cell 

culture supernatants or reverse transcriptase (RT) quantitative (q) PCR for proteins of 

interest. We attempted both of these latter modalities.  However, because the 

decellularized ECM can only be generated in small quantities using 13mm coverslips, 

and because seeding a high density of macrophages leads to proteolytic degradation of 

the ECM, standard assays such as ELISA and RT-qPCR are challenging. We 

attempted ELISA on supernatants for the M2 markers IL-10 and TGFbeta and the M1 
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markers TNFalpha and IL1beta. Unfortunately, the signal was below the detection 

limit, which we attribute to the low necessary cell numbers described above. We also 

attempted RT-qPCR but the decellularized matrix from the in vitro platform 

contaminates the cellular RNA during the extraction process resulting in a low 

concentration of poor quality RNA for analysis.   

 Another limitation of the study is the use of a single in vitro model system 

utilizing hematogenously-derived macrophages.  Many tissue macrophages are not 

hematogenously-derived but rather are a self-renewing population originating from the 

embryonic yolk-sac118,119.  One could argue that bone marrow-derived macrophages 

are not an ideal choice to model adipose tissue macrophages; however, M-CSF-1-

cultured macrophages from murine bone marrow are recognized as a reproducible in 

vitro experimental standard76, and thus are considered an appropriate choice for these 

experiments.  Additionally, experimental evidence from breast cancer research 

indicates increased recruitment of hematogenously-derived macrophages into adipose 

tissue during the process of obesity120, further supporting the relevance of the BMDM 

model system within this context.  However, future experiments utilizing alternative in 

vitro and ex vivo macrophage model systems would be worthwhile.  
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CHAPTER 3 

 

OBESE EXTRACELLULAR MATRIX-MACROPHAGE SIGNALING PROMOTES 

A PHENOTYPE SIMILAR TO PRO-ANGIOGENIC TUMOR-ASSOCIATED 

MACROPHAGES 
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biostatistical support, D.D.G performed initial CLS assessment, M.J. provided 

mammographic interpretation.  R.B., A.V, and O.E. performed transcriptomic and 

computational analysis. N.L.S, and C.F. designed the project and wrote the paper. All 

authors provided input on the manuscript. 

 

3.1 Introduction: 

All solid tumors recruit macrophages into their microenvironment and these 

macrophages are termed tumor-associated macrophages, also known as TAM. In most 

cases, TAM promote the growth and metastasis of tumors and the density of TAM 

correlates with poor prognosis in many types of cancers.  TAM phenotypically 

resemble M2 or anti-inflammatory macrophages121. TAM’s pro-tumorigenic functions 

overlap with and appear to be dysregulated normal physiological functions of M2 

macrophages, such as dampening of the pro-inflammatory immune response122, which 

would potentially be tumoricidal, facilitating fibrosis, which aids in cancer cell 

invasion and metastasis, and angiogenesis, which facilitates tumor growth and 

metastasis20.  

Spatially, TAMs often reside along the tumor-stroma border, an area that is 

characterized by increased fibrotic ECM remodeling12,121, suggesting that peritumoral 

fibrosis and TAM are functionally coupled. While TAMs have been shown to enhance 

collagenous deposition within tumors123, experimental evidence suggests that the 

converse, tumor-associated ECM remodeling directly modulating macrophage 

functions124, may also be true. In obesity, M2 macrophages residing in the interstitial 

space between adipocytes also interact with remodeled and fibrotic ECM35, similar to 

TAMs in tumors, leading to the hypothesis that macrophages residing in obese adipose 

tissue are phenotypically and functionally similar to TAM and therefore might 

contribute to the tumor-permissive microenvironment of obesity. 
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Gaining an improved understanding of how obesity modulates M1 and M2 

macrophage density and function in the human breast is critical since M2 

macrophages share similarities with tumor-associated macrophages (TAMs)125 and 

thus, could play an important role in tumorigenesis20 by suppressing anti-tumor 

immune responses73, promoting angiogenesis126, and assisting with cancer cell 

intravasation and metastasis22.  

Here, we explore the hypothesis that macrophages residing within obese 

adipose tissue resemble TAM using genomics, immunological, and molecular 

biological techniques. 

 

3.2 Materials and Methods 

Breast tissue transcriptomic and computational analysis 

At the time of collection, fresh breast tissue specimens were snap-frozen, 

stored in RNAlater (Ambion, Foster City, CA) and total RNA was extracted for RNA-

seq using the RNeasy Mini Kit (Qiagen, Valencia, CA). Polyadenylated RNA-seq was 

performed using the standard Illumina (San Diego, CA) Truseq kits and samples were 

sequenced using the HiSeq2000 platform.  All reads were independently aligned with 

STAR_2.4.0f1 for sequence alignment against the human genome build hg19, 

downloaded via the UCSC genome browser, and SAMTOOLS v0.1.19 for sorting and 

indexing reads. Cufflinks (2.0.2) was used to get the expression values (FPKMS), and 

Gencode v19 GTF file for annotation. The gene counts from htseq-count127 and 

DESeq2 Bioconductor package128 were used to identify differentially expressed genes. 

The hypergeometric test and Gene Set Enrichment Analysis (GSEA)129  was used to 

identify enriched signatures using the different pathways collection in the MSigDB 

database130. Gene-name based enrichment analysis was also performed using the 

webtool ENRICHR131,132. 
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Assessing vascular and macrophage density in white adipose tissue.  

Vascular density in breast white adipose tissue was evaluated via IHC on 

archived FFPE breast tissue. Five-micrometer sections were probed with rabbit 

polyclonal anti-CD31 (Abcam ab28364). The signal was amplified using Vectastain 

ABC universal kit (Vector Laboratories, Burlingame, CA) and detected with 

peroxidase substrate and DAB chromogen (ThermoFisher, Waltham, MA) with 

hematoxylin counter stain. Samples with repeatable severe sectioning artifact were 

excluded from analysis. Stained slides were digitally archived with an Aperio CS2 

microscope (Leica Biosystems, Buffalo Grove, IL) and were analyzed with the 

ImageScope software positive pixel count algorithm v9. 

 

Assessment of macrophage-secreted factors on endothelial cell behavior 

A transwell assay was used to assess the effect of macrophage-secreted factors 

on endothelial cell migration.  BMDM were seeded on lean and obese ECM at a 

density of 50,000 cells/coverslip in the presence of 10% serum and 10ng/mL 

recombinant mouse M-CSF. After overnight adhesion, BMDM coverslips were 

transferred to a new 24 well plate and media was changed to DMEM + 5% FBS + 

20ng/mL IL-4 and 20ng/mL IL-13.  An 8.0 μm pore polycarbonate membrane tissue 

culture insert (Corning Falcon, Corning, NY) that had been previously coated with 70 

μg/mL rat-tail collagen type I was placed over each coverslip.  After 6 hours culture 

time, Human Umbilical Vein Endothelial Cells (HUVEC, passage 2-3, Lonza, 

Allendale, NJ) cultured in M199 medium (BioWhittaker, Walkersville, MD) + 20% 

FBS + 1% Penicillin/Streptomycin + 30 μg/mL endothelial cell growth supplement 

(Millipore-Sigma), 2 mM glutamax (Gibco), and 2,500 U heparin salt (Millipore-

Sigma) were seeded on top of the transwell insert at 50,000 cells/insert.  After a 

subsequent 12 hours of culture at 37oC and 5% CO2, the transwell inserts were fixed 
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with 4% PFA (Electron Microscopy Sciences, Hatfield PA) and the distal side of the 

membrane was stained with DAPI.  Nuclei of cells that had migrated through the 

membrane were manually counted (Image J) on four 10x objective fluorescent 

microscopy images (12, 3, 6, and 9 o’clock positions) per membrane with 3 

membranes per condition per experiment.  

Endothelial cell tubulogenesis was assessed via a Matrigel (Corning) tube-

formation assay. BMDM were cultured on lean or obese ECM in medium containing 

5% serum and no M-CSF. After 24 hours of culture, conditioned medium was 

collected, concentrated 10X in a 3kDa molecular weight centrifugation filter unit 

(Millipore-Sigma), and diluted back to a 1X concentration using EBM2 without 

growth factors. Using the reconstituted conditioned media, HUVECs were seeded on 

growth factor-reduced Matrigel-coated 96 well plates at a density of 10,000 cells/well 

and cultured for 12 hours. Subsequently, the media was carefully removed from the 

wells and HUVECs were incubated in Calcein AM (Invitrogen) to stain viable cells. 

After 15 minutes incubation at 37 °C, the wells were rinsed with PBS. A single 2x 

objective representative fluorescent image (covering the entire monolayer of each 

well) was captured and analyzed for HUVEC tube branch points, indicating increased 

network formation in response to chemical mediators in the conditioned medium, via 

manual counting in ImageJ. Three wells were analyzed per condition per experiment.  

 

Angiogenesis multiplex protein array  

BMDM were cultured on lean or obese ECM in medium containing 5% serum 

and no M-CSF. After 24 hours of culture, conditioned medium was collected, 

concentrated 10X in a 3kDa molecular weight centrifugation filter unit 

(MilliporeSigma), and diluted back to a 5X concentration using EBM2 without growth 

factors.  Conditioned medium (BMDM-CM) was applied to membranes from a 
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multiplex sandwich ELISA angiogenesis protein array (R&D Systems ARY015) 

following kit instructions. Analysis was performed by pixel analysis of the raw 

integrated density (the sum of all pixel densities in the region of interest) in Image J. 

 

Statistical Analysis 

All statistical analysis was performed using Prism v7.0 (GraphPad Software, 

La Jolla, CA). Normality assumption of the parametric method was assessed by the 

Shapiro-Wilk test.  Continuous data are represented as the mean ± SD or the median 

and interquartile range. Specific statistical tests used and number of independent 

samples and replicates per experiment are listed in the figure legends. A Tukey’s post-

hoc test was used when needed to account for multiple comparisons. Significance was 

set at P < 0.05.  

 

3.3 Transcriptional identification of TAM 

Given that M2 macrophage functions, such as promoting fibrosis and 

angiogenesis, and immune suppression, are commonly associated with increased 

tumorigenesis, we questioned whether the transcriptomic signature of obesity-

associated M2-like macrophages in cancer-free breast tissue resembles that of TAMs. 

Accordingly, we compared a published gene expression signature of TAMs133 to the 

RNA transcripts of obesity-associated M2 macrophages via Gene Set Enrichment 

Analysis (GSEA). 

This analysis revealed 96 genes that are significantly upregulated in both the 

TAM gene signature and tumor-free breast tissue in obese versus lean women (Figure 

19). As the TAM dataset was derived from the MMTV-PyMT mouse model of breast 

tumorigenesis, we evaluated whether the identified gene set would have human 
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relevance by querying the 96 upregulated TAM genes against the ARCHS4 human 

gene database (https://amp.pharm.mssm.edu/archs4/data.html).   

 

Figure 19: Gene set enrichment analysis129 illustrates that M2 macrophage-related 

genes in obese breast tissue samples are concordant to a published gene profile of 

TAM133, n=26. Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

We observed that the human macrophage signature was significantly enriched 

(52/96 genes, p <2.2 x 10-6), indicating the human relevance of macrophage 

enrichment in mouse-derived TAMs (Figure 20). 

 

 

Figure 20: Comparison of TAM gene profile133 to ARCHS4 human tissue dataset 

(https://amp.pharm.mssm.edu/archs4/data.html) indicates significant overlap (n=52) 

between the MMTV-PyMT-derived TAM genes and human macrophage genes via 

ENRICHR131,132 analysis tool. Published in Springer NL, et al. Am J Path 

2019;189(10);2019-2035 
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 Importantly, these 52 human-relevant macrophage genes were capable of 

differentiating the majority of obese versus lean individuals based on differential 

expression levels in breast tissue (Figure 21). Interestingly, two lean women clustered 

with the obese rather than lean individuals, but histological analysis revealed that their 

breast adipose tissue had comparable levels of breast inflammation as the obese 

samples as determined by quantification of CLS number. Both women also had 

CIBERSORT M2 scores in the top 50% of our cohort. These findings could be 

compatible with recent evidence suggesting that a subset of women with normal BMI 

but histological evidence of breast inflammation4 or increased adiposity when 

measured via dual-energy x-ray absorbitometry (DXA)3 are at increased risk for breast 

cancer development, similar to obese individuals.   

When the 52 genes were divided into categories based on cellular function 

(Table 2), differences in immune response- and angiogenesis-related genes were the 

most enriched subsets (Figure 22), compatible with known functional properties of 

TAMs17,126,134,135. 

Collectively, these results suggest that obesity is associated with macrophage 

phenotypic changes that resemble those of TAM, based on computational analysis of 

macrophage gene transcripts from tumor-free breast adipose tissue.  
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Figure 21: The 52 genes identified via GSEA and ENRICHR analysis is capable of 

delineating the majority of lean versus obese women based on differential gene 

expression.  Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 
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Table 2: Known genes upregulated in tumor-associated macrophages that are also 

upregulated in macrophages from obese versus lean breast tissue.  Genes are grouped 

by function. Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

TAM gene function TAM genes 

Immune Response C3AR1, CCL2, CCL3, CCL7, CCL8, 

CCRL2, CD33, CXCL16, DCSTAMP, 

FGL2, IFIT3, LGALS9, LGMN, LTC4S, 

PTX3, TREM2 

 

Angiogenesis CTSZ, ECM1, HK2, MMP12, PLAU, 

SERPINE1, SBSN, SPP1, STAB1 

 

Signal Transduction EHD4, FAM20C, HTR2B, MS4A7, 

P2RY6, TREML1 

 

Metabolism CH25H, DNASE1L1, GATM, HAVCR2, 

LMNA, LONRF3 

 

Transport ATP6V0D2, FOLR2, SLC36A1, 

SLC37A2, TMEM37 

 

Development DAB2, HEXB, ZMYND15 

 

Adhesion/Motility CD93, ITGAX 

 

Unknown ARHGAP22, FAM198B, NPL, PXDC1, 

TMEM119 
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Figure 22: Differential gene expression analysis of macrophage-associated genes 

suggests varied physiological functions of macrophages in obese breast tissue. n=52. 

Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

3.4 Obesity-primed macrophages promote angiogenesis 

Obesity is associated with increased vascular density in adipose tissue136, a 

finding that is typically attributed to an adipocyte hypertrophy-mediated increase in 

hypoxia and consequential upregulation of pro-angiogenic factor secretion25. 

However, it remains unclear whether or not obesity-associated, fibrotic ECM 

remodeling may independently activate angiogenesis by stimulating macrophage 

transition into a pro-angiogenic M2 phenotype. As increased angiogenesis is a 

necessary checkpoint for tumor growth and metastasis137,138 and because we found that 

macrophages in obese adipose tissue upregulate angiogenesis-related genes (Table 2, 

Figure 22), we evaluated whether vascular density and presence of M2-biased 

macrophages correlated in histological samples from our patient cohort.  

The density of CD206+ macrophages in the adipose tissue interstitium 

correlated with positive pixel counts for the endothelial cell marker CD31+ (Figure 
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23) suggesting a potential functional relationship between macrophage phenotype and 

density and vascularity in obese adipose tissue.  

 

 

 

 

 

Figure 23: CD206+ macrophages and CD31+ vascular profiles are positively 

correlated based on IHC image analysis of clinical samples N=43. 5 images of adipose 

tissue per section analyzed. Analysis was performed blinded to BMI for each section.  

Bar = 100µm. Red dashed line illustrates the best fit line as determined by linear 

regression. Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

Assessment of macrophage-secreted factors on endothelial cell behavior 

Given that many other mechanisms are active in vivo and could be responsible 

for these observations, we next questioned whether BMDM cultured on obese ECM 

would possess increased pro-angiogenic capability as compared to BMDM cultured on 

lean ECM. Endothelial cell migration and endothelial cell tubulogenesis in response to 

macrophage-secreted factors were assessed via a transwell assay and a Matrigel tube-

formation assay, respectively.   

We found that BMDM cultured on obese ECM increased HUVEC migration 

relative to BMDM cultured on either lean ECM or Fn-coated coverslips (Figure 24A). 

Additionally, conditioned medium collected from BMDM cultures on obese matrices 

stimulated increased tubulogenesis of HUVECs on growth factor reduced Matrigel 

relative to BMDM-conditioned medium from lean ECM or Fn-coated coverslips 

(Figure 24B).  These results suggest that macrophages in contact with obesity-

associated ECM could promote vascular remodeling by releasing pro-angiogenic 

r = 0.46 
p = 0.004 CD206 CD31 



 

58 

factors, possibly playing a role in the recognized link between obesity and tumor 

development and progression. 

 

 

 

 

 

 

 

 

 

 

Figure 24: A) Endothelial cell transwell migration towards BMDM is significantly 

increased when IL-4 and IL-13 stimulated BMDM are in contact with obese versus 

lean or fibronectin (Fn) control ECMs; data represented as median and interquartile 

range, Kruskal-Wallis analysis, 3 independent experiments, 3 transwells per condition 

per experiment, 4 images per transwell. Bar = 50µm B) Endothelial cell tubulogenesis 

is increased in the presence of conditioned medium collected from unstimulated 

BMDM cultured on obese versus lean ECM or Fn control substrates. Data represented 

as median and interquartile range, Kruskal-Wallis analysis, 3 independent 

experiments, 3 wells per condition, one representative image per well. Bar = 100µm. 

Published in Springer NL, et al. Am J Path 2019;189(10);2019-2035 

 

 

3.5 Osteopontin (SPP1) and TIMP-1 are potential mediators of obese ECM-

proangiogenic stimulus of macrophages 

 We next attempted to identify candidate pro-angiogenic factors that were 

increased in conditioned medium from BMDM cultured on obese versus lean 

decellularized ECM. Two angiogenesis-associated proteins of interest, osteopontin 

(OPN) and tissue inhibitor of matrix metalloproteinase (TIMP)-1 were significantly 

Fn-BMDM Lean ECM-BMDM Obese ECM-
BMDM 

Fn-BMDM Lean ECM-BMDM Obese ECM-
BMDM 

A 

B 
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increased in BMDM-CM. Interestingly, osteopontin (also known as secreted 

phosphoprotein (SPP)-1) was one of the angiogenesis transcripts identified as being 

upregulated in obese versus lean women (Figure 21, Table 2) via differential gene 

expression analysis of TAM-associated transcripts.  

 

 

 

 

 

 

 

Figure 25: Conditioned media from BMDM cultured on lean and obese decellularized 

ECM were used for an angiogenesis protein multiplex array. Osteopontin (red ovals) 

and TIMP-1 (blue ovals) expression levels were increased BMDM-CM from obese 

decellularized matrix. Student’s t-test, * = p < 0.05. Unpublished data. 

 

3.6 Discussion 

The tumor promoting functions of macrophages are manifold and – in addition 

to modulating angiogenesis - include direct effects on tumor growth, invasion, 

metastasis, and stroma remodeling20,123,139,140. We focused on the effect of obesity-

associated ECM on transition to M2-like macrophages and possible functional 

implications on endothelial cells to demonstrate the broad significance of obesity-

associated ECM in regulating stromal cell functions contributing to tumorigenesis. 

While future studies will be necessary to further validate the molecular mechanisms 

underlying our results, our findings are complementary to previous work. For 

example, others have shown that peri-tumoral adipose tissue not only contains 

increased collagen content, but also represents a rich depot of pro-angiogenic 

macrophages97. Additionally, obese (and therefore inflamed) adipose tissue has been 
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shown to promote stromal vascularization and angiogenesis prior to tumor 

development with implications for tumorigenesis120.  Based on our data, it is plausible 

that interstitial fibrosis in adipose tissue can contribute to increased angiogenesis via 

modulation of macrophage phenotype. Indeed, the field of regenerative medicine and 

biomaterials has been utilizing alterations in matrix composition to modulate 

macrophage response and guide proper wound healing for surgical implant devices for 

some time80,141–144. Future studies utilizing engineered co-culture models that integrate 

ASCs, macrophages, endothelial cells as well as varying ECM composition and 

mechanics to recapitulate the complex obese adipose tissue microenvironment are 

necessary to identify the impact of obese adipose tissue on macrophages, 

angiogenesis, and ultimately tumor cell behavior145–147. 

Several angiogenesis-related genes were upregulated in the obese macrophage 

gene signature including secreted phosphoprotein 1 (SPP1, also known as and referred 

to herein as osteopontin or OPN), serpin E1 and stabilin 1. Of these three, OPN is the 

best characterized in obesity and with regard to TAMs.  Thus, OPN an enticing target 

for future studies. OPN is a multifunctional cytokine expressed by many cell types 

with both paracrine and autocrine activities that plays a role in multiple hallmarks of 

cancer148. OPN is highly secreted by macrophages in adipose tissue149.  During the 

process of obesity, OPN expression is upregulated resulting in recruitment of 

macrophages into the fat pad and stimulation of local macrophage proliferation 

resulting in a positive feedback loop contributing to obesity-associated 

inflammation149–151. Within the tumor microenvironment, cancer cells are a large 

source of OPN in the tumor microenvironment.  However, TAMs are capable of 

supplying sufficient OPN to rescue cancer cell motility and invasion in OPN 

knockdown models152, suggesting that a source of OPN within the obese breast 

adipose tissue microenvironment might accelerate tumorigenesis, through paracrine 
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interactions, during the initiating stages of neoplastic transformation. TAM expression 

of OPN stimulates COX-2 production and subsequent PGE2 production, both known 

players in tumor growth and angiogenesis153.  Interestingly, COX-2-expressing TAM 

numbers have recently been correlated to collagen deposition and density within tumor 

stroma but not epithelial nests154 suggesting that ECM-remodeling might play a 

regulatory role in the OPN-COX-2 signaling axis contributing to breast cancer.  

Although less is known about its physiological role in obesity or breast cancer, 

TIMP-1 is another enticing target for further evaluation.  TIMP-1 is upregulated in 

adipose tissue during obesity although there is conflicting data as to whether TIMP-1 

is secreted by adipocytes or cells within the stromal vascular fraction, such as 

macrophages155,156. In a high fat diet but obesity-resistant BALBc mouse model, 

TIMP-1 was found to be upregulated and contribute to syngeneic mammary carcinoma 

cell migration157.  The high fat diet in this mouse model was sufficient to induce 

marked adipose tissue inflammation based on histology images, but adipose tissue 

interstitial fibrosis was not assessed in this study.  In another study that assessed 

adipose tissue inflammation independently of obesity, TIMP-1 was found to be 

upregulated in inflamed peritumoral adipose tissue relative to non-inflamed distant 

adipose tissue97.  Intriguingly, this peritumoral adipose tissue was characterized by 

extensive fibrosis, increased M2-biased macrophage density, and increased blood 

vessel density relative to distant adipose tissue depots97, similar to characteristics 

described for obese versus lean adipose tissue.  Additional studies are necessary to 

identify whether adipose tissue macrophages are the source for TIMP-1 secretion and 

whether this secretion has functional consequences for tumor angiogenesis.  
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CHAPTER 4 

 

DISCUSSION AND FUTURE DIRECTIONS  

 

4.1 Biomaterials approaches to modeling ECM-macrophage interactions 

Macrophages play critical roles in homeostasis through roles in immunity and 

tissue regeneration and repair.  However, when macrophages become dysregulated, 

they are potent contributors to pathological conditions such as chronic inflammation 

and cancer.  Because of these conflicting roles, a thorough understanding of 

macrophage polarization, differentiation, and functional plasticity under conditions of 

health and disease is critical.  In Chapter 2, I presented data showing that obesity-

associated ECM remodeling modulates macrophage polarization.  Although the 

mechanisms via which this observation occurs are not fully elucidated, changes in 

mechanotransduction may play a role. How physical factors affect macrophage 

functions has garnered some attention in the past several years, but still remains poorly 

understood. Members of the physical sciences and engineering research community 

have an opportunity to advance this field through the use of engineered model systems 

to study macrophage activation.  

Macrophages and their precursors are fully capable to adapt their behavior to a 

variety of compressive and shear stresses, strains, and tissue elasticities during tissue 

invasion (Figure 26)158. Yet, our knowledge of the cellular and molecular signals that 

may underlie differential macrophage responses to their mechanical environment is 

still somewhat limited and currently mostly derived from extrapolating results 

obtained with other cell types (Figure 26B). 

 

 



 

63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Mechanosignaling regulation of macrophage phenotype. A) Macrophages 

(MΦ) derived from either the circulating monocyte pool or the tissue resident 

macrophage pool must adapt and respond to a variety of stresses and strains during 

their lifespan. Differentiation into either classically (M1) or alternatively activated 

(M2) macrophages is directed by chemokine and cytokine input, but possibly also by 

varied mechanosignaling caused by changes in ECM stiffness and/or cell morphology. 

B) Close-up view of cell-ECM interactions and mechanotransduction. Integrin 

attachment to ECM activates signal transduction via Rho GTPase-mediated actin-

myosin contractility and stimulation of downstream targets of the phosphoinositide-3 

kinase (PI3K) pathway that regulate cell functions. FAK = focal adhesion kinase, 

ROCK=Rho-associated protein kinase, PIP2 = phosphatidylinositol (4,5)-

bisphosphate, PIP3 = phosphatidylinositol (3,4,5)-trisphosphate.  Published in 

Springer, NL and Fischbach C. Curr Opin Biotech, 2016;40:16-23 

 

Studies with mesenchymal stem and tumor cells, for example, have revealed 

that ECM mechanical alterations mediate phenotypic changes by regulating integrin 
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clustering, focal adhesion formation, and cell contractility in a manner that depends on 

Rho GTPase and Rho-associated protein kinase (ROCK) signaling9,159. Stiffness-

dependent increases in cell contractility, in turn, cross-talk with growth factor receptor 

signaling and can up-regulate down-stream events such as phosphatidylinositol 3-

kinase (PI3K) signaling, an important participant in oncogenic transformation160–162 as 

well as the resolution of the acute inflammatory response and bias toward an anti-

inflammatory (M2) macrophage phenotype163.  

Recent evidence indicates that the phenotype of macrophages is dependent on 

substrate stiffness. In fact, increased substrate rigidity decreases macrophage pro-

inflammatory responses directly54,104,164 but may also indirectly affect macrophages by 

modulating cell shape164. Forcing macrophages into an elongated shape with 

micropatterned arrays of fibronectin upregulates M2 markers and decreases response 

to pro-inflammatory stimuli164. These findings are further supported by the finding 

that ROCK and PI3K both appear to play a role in macrophage polarization and 

phenotypic switching165,166. Finally, ECM stiffness-dependent changes in cell 

contractility can stimulate paracrine signaling of macrophage-modulating 

morphogens; e.g., by enhancing mechanoactivation of transforming growth factor β1 

(TGFβ1)167, a potent immunosuppressive cytokine that modulates macrophages to a 

more M2 phenotype and reduces pro-inflammatory cytokine secretion168. 

Obesity-associated adipose tissue ECM has been found to be stiffer than its 

lean counterpart42.  Therefore, alterations in mechanotransduction between lean versus 

obese ECM may play a role in the observed difference in macrophage polarization 

presented in Chapter 2. Polyacrylamide (PA) hydrogels, a synthetic biomaterial 

platform are often used in in vitro experiments to allow for more controlled 

modulation of ECM physicochemical parameters. While PA hydrogels are inherently 

non-adhesive, they can be functionalized to enable cell binding by coupling purified 
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ECM components, decellularized ECM, or peptide sequences thereof 169. For example, 

PA hydrogels modified with fibronectin or arginylglycylaspartic acid (RGD) adhesion 

peptides and adjusted in their cross-linking density through altering the ratio of 

acrylamide to bisacrylamide are routinely used to analyze stiffness-dependent cell 

responses170. 

However, the polyacrylamide hydrogel platform has limitations including the 

inability to be remodeled or for cells to be encapsulated into these gels due to 

monomer toxicity.  Thus, these studies are limited to 2D formats. Polyethylene glycol 

(PEG)-based hydrogels circumvent the dimensionality and toxicity shortcomings, but 

cannot be remodeled by cells either. Introducing and/or removing functionalities (e.g. 

integrin adhesion sites and matrix metalloproteinase [MMP]-cleavable sequences) 

through light-dependent mechanisms (e.g. photo-initiated addition, photo-crosslinking, 

or photo-degradation171–175) or via modular bioclick and bioclip reactions can help to 

address this shortcoming. Selectively adding or removing functionality at a desired 

timepoint176,177 or in a specific location172,173 additionally provides the opportunity to 

introduce temporal and spatial control over both chemical and mechanical properties 

of the respective hydrogel. Despite their advantages, these model systems are often 

amorphous and lack ECM structural entities that drive macrophage behavior.  

 To mimic the combination of fibrillar components and porosity in the native 

ECM, fibers prepared through electrospinning or polymerization of native ECM 

components could be integrated into composite hydrogels178. Integrating varyingly 

stiff and thick fibers117  into hydrogels of altered bulk mechanical properties will 

permit decoupling of the effects of individual fiber versus bulk stiffness properties on 

macrophages. Differentiating between these properties will be critical as most current 

research focuses on bulk mechanical properties, but disregards that fiber mechanics 

are similarly important and may, in fact, lead to differential cell responses179. Finally, 
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being able to modulate the orientation of such fibers, for example, by unidirectional 

compression of the fiber-containing hydrogels180 will enable new insights. This 

manipulation will allow assessing whether changes in collagen fiber orientation12 in 

lean versus obese adipose tissue impacts macrophage polarization. 

While the above described biomaterials strategies could allow for 

multicomponent analysis of macrophage function in response to obesity-associated 

ECM remodeling, these systems are coupled to ever evolving complexity and thus 

future opportunities. For example, computational strategies are likely necessary to 

analyze the large multifaceted data sets and distinguish individual influences on cell 

behavior in a dynamic network of exponentially increasing interactions. Studying 

macrophage behavior in 3D tissue-engineered models furthermore requires high 

resolution imaging modalities for real-time tracking of cells and subcellular-

components, which may not be routinely accessible by many labs. Moreover, 

incorporation of macrophages into these bioengineered model systems will alter the 

physicochemical properties of the ECM mimics over time. Assessing the 

spatiotemporal feedback of macrophage phenotype and ECM compositional, 

structural, and mechanical properties will be necessary to advance our knowledge of 

the underlying mechanisms. In addition to evaluating the influence of ECM-mediated 

stress and strain on immune cells, as well as immune-cell sensed deformation of the 

substrate181, biomaterials models should reflect the multicellular composition of 

fibrosis-associated microenvironment. For example, fibrosis is characterized by 

altered vasculature and thus altered convective and diffusive transport properties. 

Recently, interstitial flow has been shown to regulate macrophage polarization state182. 

Microfluidic co-culture devices with integrated vascular networks should be used to 

further evaluate the role of transport properties as well as shear and interstitial pressure 

on processes essential to macrophage function182–184. Ultimately, all of the above 
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mentioned model systems should be extended to investigate the physical control of 

other immune cells that play important regulatory roles in fibrosis and/or tumor-

associated microenvironments. In summary, the rapid development of new 

biomaterials and tissue engineering strategies provides an opportunity to further our 

understanding of macrophage interactions with fibrotic ECM microenvironments and 

their relevance to tumorigenesis.  

 

4.2 Comprehensive characterization of obesity-associated ECM and macrophage 

populations 

 We identified that obesity is associated with an increased density of anti-

inflammatory macrophages that functionally resemble tumor-associated macrophages 

and that extracellular matrix remodeling in obese adipose tissue contributes to this 

phenomenon.  However, the mechanisms underlying this observation are still 

unknown.  Additional experiments characterizing compositional and structural 

differences in lean versus obese adipose tissue extracellular matrix, assessment of real-

time matrix-macrophage interactions, and a comprehensive characterization of 

macrophage subsets in obese adipose tissue are necessary to further our understanding 

in this field. Below, I discuss some potential avenues for further investigation.  

 

ECM composition 

 Decellularized ECM is being increasingly used for both clinical/regenerative 

and experimental purposes. Yet, a thorough understanding of the bioactive properties 

of these matrices is sorely lacking.  Prior work in our laboratory as well as some of the 

data presented herein have identified that obesity-associated ECM contains a greater 

density of fibronectin and collagen I relative to its lean counterpart.  However, this is 

an admittedly narrow assessment of the decellularized ECM platform and depends 
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primarily on immunostaining which can be confounded by antibody cross-reactivity as 

well as having limited quantitative ability.   

Proteomics is a more robust and unbiased method to assess ECM composition. 

The matrixome of ECM assembled by adipose stromal cells has been described185, but 

to my knowledge, differences in bioactive matrix proteins between lean and obese 

decellularized ECM and between native and decellularized adipose tissue ECM have 

not been assessed.  Nevertheless, identifying the unique characteristics of our 

decellularized ECM  platform, rather than relying on published datasets, would be 

worthwhile as the yield of proteomic data from decellularized ECM is highly 

dependent on the method of detergent extraction as well as the sensitivity of the 

proteomic method to detect cross-linked or insoluble matrix components186. Due to the 

high collagen content of ECM, additional proteomic analysis after collagenase 

digestion might increase yield for low abundance proteins187 that may be important 

bioactive mediators of macrophage function.  Although not a hypothesis-driven 

approach, proteomic differential expression analysis or abundance analysis should 

identify differences in obese matrix composition and identify or prioritize targets for 

future mechanistic studies.  

 

ECM structure and macrophage interactions 

 A broad knowledge of the composition of lean versus obese adipose tissue 

ECM will be most valuable when coupled with structural and spatial knowledge of 

ECM-macrophage interactions.  The mainstay techniques to assess ECM structure and 

topography are confocal microscopy, second harmonic generation imaging, and 

scanning electron microscopy and all techniques could play a role in future directions 

of this project.  Once candidate ECM components with disproportionate proteomic 

expression are identified, immunostaining of decellularized ECM for these 
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components with and without adherent macrophages would provide valuable 

information as to distribution and relevance to macrophage adhesion.  As thicker 

sections would facilitate 3D reconstruction for spatial organization, seeding 

macrophages into tissue-derived decellularized matrices188 could be attempted.  To 

enhance the mimicry of native tissues, tissue-derived decellularized ECM can be 

reconstituted with inclusion of carbohydrates in medium to create spaces of exclusion 

due to macromolecular crowding.  This process of macromolecular crowding enhances 

fibril nucleation and more closely mimics the native ECM189. Scanning electron 

microscopy (SEM) could be performed for qualitative assessment of fiber diameter, 

linearity, roughness, and porosity, all physical factors that have been indicated to 

guide macrophage polarization on any of the above mentioned model systems.  SEM 

performed on samples with seeded macrophages would allow for high-resolution 

assessment of macrophage morphology concurrent with localized ECM topography.  

 The above-mentioned modalities are static, whereas knowledge of macrophage 

interaction with ECM components in real time might add valuable insights to ECM-

mediated regulation of macrophage polarization.  Fluorescence imaging of fresh post-

mortem adipose tissue explants has been used to track macrophage proliferation and 

migration previously35; however this technique requires fluorescence tagging of 

macrophages, either through immunological methods or using transgenic fluorescent 

proteins.  Intravital microscopy is a powerful tool for live tissue imaging or serial 

imaging of lesions over time in murine models. Intravital second or third harmonic 

generation microscopy does not require fluorescence labeling. Leukocytes can be 

recognized via their internal granularity and morphology190,191 amongst a visible 

background of collagen structures to track migration and function in vivo. Harmonic 

generation microscopy has the added benefit of identifying and quantifying collagen 

remodeling or fibrosis within tumor microenvironments123,192, and thus is likely to 
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have the same capability within the lean versus obese adipose tissue 

microenvironment. Assessing structural changes in ECM remodeling, and macrophage 

recruitment, polarization, and association with ECM within an individual (i.e. 

laboratory mouse) over time during obesity induction and maintenance could be 

paradigm-shifting in our understanding of adipose tissue biology during obesity.   

 

Further characterizing macrophage subsets and their spatial distribution 

 Beyond a detailed accounting of adipose tissue ECM in lean and obese 

individuals, additional work needs to be done to precisely qualify macrophage subsets.  

As noted previously, macrophages are extremely heterogenous in cellular phenotype 

and functions.  To date, five subsets of macrophages have been identified, M1 and 

M2a, b, c, and d193 and are best differentiated by large panels of cell surface markers, 

often measured by flow cytometry, or gene expression profiling76,194.  Adipose tissue-

macrophage that do not fit within the above defined subsets are also being 

identified195.  Tumor-associated macrophages are also divided into subsets, similar to 

M2 macrophages, based on functionality121.   

Our study was a jumping-off point using the broad categories of M1 (pro-

inflammatory) and M2 (anti-inflammatory) macrophages using single IHC markers for 

each subset and corroboration of IHC findings with computational methods.  The 

LM22 CIBERSORT algorithm does not subdivide M2 macrophages into subsets based 

on gene expression profile nor can this method provide spatial information that was 

critical to our study objective.  Flow cytometry on cell suspensions derived from 

adipose tissue has been performed previously196,197 and would provide more detailed 

characterization about macrophage subsets in lean and obese breast adipose tissue, but 

also would lose the spatial component desired in this study. Immunohistochemical 

staining for multiple macrophage markers on serial sections of breast adipose tissue 
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could be performed.  This approach is labor-intensive, time consuming, and does not 

precisely co-localize expression at the single cell level.   

Newer modalities like multiplex immunofluorescence IHC would 

accommodate for the limitations of all the above mentioned methodologies.  Multiplex 

IHC has the advantage of evaluating up to 30 markers simultaneously198. The 

multispectral microscopic analysis improves signal separation allowing for more 

precise analysis of colocalization and spatial distribution.  Modifications to the 

protocol using cleared tissues and transparent tissue tomography for 3D 

reconstructions199 or systems biology approaches to manage large data sets acquired 

by whole slide imaging200 will only enhance the applicability and power of this 

platform for research purposes.  Although multiplex IHC is most frequently used to 

evaluate the immune microenvironment in solid tumors for immuno-oncology 

purposes, the technology should be readily transferred to adipose tissue.   

Further genomic characterization of adipose tissue macrophage populations is 

necessary. The CIBERSORT data presented herein was derived from the 

transcriptome of bulk tissue biopsies.  Although the majority of our samples contained 

a high proportion of adipose tissue, genomic data from fibroglandular macrophages 

would also be included in our dataset.  To overcome this limitation, future studies 

could be peformed on adipose tissue that has been dissected away from the 

fibroglandular tissue.  Single-cell RNA sequencing followed by principal component 

analysis would be an unbiased way to identify functionally distinct adipose tissue 

macrophage populations. After macrophage populations are identified via unbiased 

genomic analysis, specific spatially segregated macrophages can be selected for 

comparison via laser capture microdissection. Due to the heterogeneity of breast tissue 

and breast cancers, laser capture microdissection has been used abundantly in this field 

to isolate relative pure cell populations for evaluation. However, a literature search 
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failed to identify whether this modality has been previously used to interrogate 

macrophage subsets between lean or obese breast adipose tissue, between 

fibroglandular and adipose compartments of breast tissue, or between TAM and 

adipose macrophages in breast tissue.  These studies could be attempted on archived 

tissues, but would be best performed prospectively on frozen tissue sections as tissue 

processing, handling, and archiving of FFPE tissues can all negatively affect RNA 

integrity201.  

 

4.3 Obese adipose tissue as a depot for tumor-promoting immune cells 

 In addition to comprehensive characterization of macrophage populations in 

obese adipose tissue, additional experiments need to be performed to determine 

whether these cells have a functional consequence on cancer development or 

progression. We identified OPN as a differentially expressed gene in macrophages 

between lean and obese women.  Indeed, OPN has been documented to be expressed 

at high levels in obese adipose tissue and the primary source of OPN in adipose tissue 

is from macrophages149.  This process results in a positive feedback loop of 

macrophage accumulation as OPN is a potent inducer macrophage proliferation151.  

Interestingly, we also identified a trend for higher OPN secretion by macrophages 

when they were in contact with obesity-derived ECMs. OPN is an enticing target for 

further evaluation as OPN is a ubiquitous bioactive molecule in the tumor 

microenvironment where it is secreted by stromal cells, breast cancer cells, and TAM 

to enhances breast cancer growth and metastasis152,202,203. Whether OPN secreted by 

M2 macrophages in obese adipose tissue contribute to breast cancer initiation and 

whether obesity-associated ECM remodeling modulates macrophage OPN secretion is 

currently unknown.  
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 Earlier, we posited a theory that macrophages residing in the interstitium of 

obese breast adipose tissue could be a depot for recruitment of TAM into the tumor 

bulk.  Studies have assessed methods of cancer cell recruitment of TAM or metastasis-

associated macrophages (MAM) from hematogenously-derived monocytes204,205, but I 

was unable to locate studies that assessed TAM recruitment from macrophages 

residing in adjacent noncancerous tissues. Prior work has illustrated that obese adipose 

tissue recruits increased numbers of macrophages relative to lean adipose tissue 

through CCL2 signaling. This macrophage recruitment enhances early tumor 

development through increased angiogenesis in a humanized mammary model 

system120.  Increased numbers of macrophages were present in xenografts from mice 

modeling obesity, but neither the phenotype nor the tissue provenance of these 

macrophages was identified in this study. Determining whether adipose tissue 

macrophages are recruited to become TAM will require carefully choreographed in 

vivo experiments with tools that can either track macrophages over time, such as serial 

intravital microscopy experiments or produce a trackable macrophage population 

arising from the mammary fat pad, for example, via adoptive transfer techniques.  

 

4.4 The cumulative effect and reversibility of obesity-associated ECM remodeling on 

cancer risk  

 Although the focus of this work was on the effect of obesity-associated 

remodeling on immune cell, specifically macrophage, phenotype, there are interesting 

and valuable areas of further inquiry on the extracellular matrix remodeling itself.  

Recently, it has been discovered that pro-tumorigenic properties of obesity, 

specifically epigenetic modifications, can persist and enhance tumorigenesis even after 

return to normal body weight in a mouse model of diet-induced obesity206.  Although 
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some reversal is seen in ECM remodeling after caloric restriction42, whether this 

reversal imparts a biological impact has yet to be determined.  

 This question is critical at a population level. Lifestyle modifications such as 

diet and physical activity are first-line interventions to reduce cancer risk associated 

with obesity.  However, inherent qualities such as genetics207, epigenetics208, and 

early-life factors209 dramatically influence the effectiveness of these interventions.  

Adipose tissue stromal remodeling during obesity may be similarly important in the 

effectiveness of lifestyle interventions to reduce cancer risk at the population level. 

Therefore, an increased understanding of adipose tissue biology during obesity is 

necessary to supplement or refine lifestyle interventions to prevent cancer. 

            Evaluating which aspects of obesity-associated ECM remodeling are 

reversible, whether there are retained effects that are pro-tumorigenic after weight 

loss, and at what timepoint interventions are effective, will require careful 

experimental design to assure translatability.  The mouse model of obesity (diet-

induced versus genetic), diet composition, mouse sex and reproductive status (i.e. 

ovary intact versus ovariectomized), housing conditions, and interventions (ex: low 

fat, caloric restriction, exercise, or intermittent fasting, amongst others) all have 

substantial impact on study results.  Age-matched controls will be necessary to 

uncouple the effect of aging versus obesity as similar tissue-level structural changes 

and morbidities occur in both processes, an observation termed adipaging210 

Thoughtful collaborations with population scientists to model and identify 

mechanisms underlying observed clinical effects is likely the most efficient way to 

gather meaningful and translatable results.   

  

4.5 Broader Impacts and Concluding Remarks  
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            Obesity is a recognized preventable risk factor for 12 cancers, including breast 

cancer discussed in this work.  Our observations that obesity-associated ECM 

remodeling modulates macrophage phenotype in a manner that may contribute to a 

tumor-permissive microenvironment is broadly applicable to other obesity-associated 

cancers.  In particular, the proposed future directions would be beneficial for study of 

obesity-associated cancer types that, similar to breast, are in association with a fat pad, 

such as sublingual squamous cell carcinoma, and ovarian and prostatic carcinomas. 

Our work might also have applicability to obesity-associated tumors that arise in 

mucosal lumens, such as uterine, gastric, and colorectal mucosa, but become in 

contact with abdominal fat in later stages of disease when the tumor extends through 

the organ wall.  The role of the physical properties of the obese microenvironment in 

metastasis to the omentum, a common metastatic site for ovarian, gastric, and 

colorectal cancers, has yet to be explored and could offer new insights into theories of 

metastasis such as seed and soil211 or pre-metastatic niche212 development.  

            The observation that ECM remodeling contributes to macrophage phenotype 

also has implications for the immune microenvironment of solid tumors.  With the 

advent of immune therapy, the field of immuno-oncology has exploded with major 

focus on understanding the role of immune cell subsets in anti- and pro-tumorigenic 

processes. The tumor microenvironment can be divided into three main compartments: 

tumor parenchymal cells, stromal-vascular cells, and immune cells.  The reciprocal 

interactions between tumor cells and stroma213,214 or tumor cells and immune cells215 

have been studied and reviewed.  A focus on stroma/ECM and immune cell 

interactions has been slowly increasing over the past several years18,216.   Current 

challenges in immunotherapy include efficacy of checkpoint inhibitors and 

accessibility of chimeric antigen receptor (CAR)-T cells to solid tumors.  Targeting 
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the stromal microenvironment of solid tumors might be a novel way to improve the 

efficacy of current immunotherapeutics or identify targets for new therapeutics.  

            Physical sciences approaches to cancer research are increasing in use and 

becoming widely accepted in the oncology community.  Over the past fifteen years, 

since the seminal publication highlighting the responsiveness of cancer cells to the 

mechanical environment9, there has been growing interest in this field.  Investigating 

the physical regulation of immune cells has lagged behind, but is slowly gaining 

momentum and has profound implications for oncology as well as many other 

inflammatory and degenerative diseases.  Transdisciplinary, team-based science, 

incorporating physical scientists and engineers, immunologists, clinicians, and 

population-based scientists is necessary to increase our knowledge regarding the 

physical microenvironment contributing to cancer initiation, growth, and metastasis 

with the goal to improve preventative modalities or identify new or repurposed 

therapeutics.  
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A.1 Introduction 

Tumors are a composite of both malignant and non-malignant cells (such as 

immune cells, vasculature, fibroblasts and extracellular matrix). The role of the tumor 

microenvironment in cancer initiation, progression, and metastasis is evolving. 

Extracellular matrix remodeling and mineralization are common features in both 

malignancy and in pathological conditions associated with increased risk of cancer 

development and metastasis. Because of my expertise in pathology and familiarity 

with laboratory animal models, I contributed several in vivo studies evaluating the role 

of ASC-mediated ECM remodeling or tissue microcalcifications in tumorigenesis to 

the projects of other graduate students and postdoctoral scholars in the Fischbach 

laboratory. 

 

A.2 CD44v6 increases gastric cancer malignant phenotype by modulating adipose 

stromal cell-mediated ECM remodeling 
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 CD44v6 expression has been associated with poor prognosis in several human 

cancers, particularly those originating in the gastrointestinal tract. Nevertheless, the 

relationship between CD44v6 overexpression and the clinicopathological features of 

gastric carcinoma (GC) remains unknown. To unravel whether CD44v6 expression by 

tumor cells affects the desmoplastic reaction and tumor growth of GC, we used an 

isogenic human GC cell line overexpressing the CD44v6 isoform (CD44v6 cells), 

previously established by our collaborators217. This model was generated using the 

CD44-negative MKN74 cell line transfected to overexpress the CD44v6 isoform 

utilizing the variant CD44-04– ENST00000415148 (OriGene) cloned into a pIRES-

EGFP2 expression vector217.  

 MKN74 cells, CD44v6 cells, and 3T3-L1  preadipocytes (ATCC) were 

routinely cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) containing 

10% fetal bovine serum (FBS, Atlanta Biologicals) and 1% penicillin/streptomycin 

(Pen/Strep, Gibco), and supplemented with 1% geneticin (Gibco) to select for 

transfected cells in the case of CD44v6 cells. Human ASCs (Lonza) were cultured in 

their corresponding growth media (ADSC-GM, Lonza). Cell cultures were maintained 

at 37 °C + 5% CO2.  

Animal studies were performed in accordance with protocol 2009-0117 as 

approved by Cornell’s University Institutional Animal Care and Use Committee 

(IACUC). MKN74 and CD44v6 cells were injected individually or in combination 

with ASCs (maximum number of cells = 9.5 x 105 in 100 µL of DMEM, 10% FBS, 

1% Pen/Strep) into the subcutaneous space of five-week-old, female NOD.CB17-

Prkdcscid/J (SCID) mice (4 mice, 2 tumors per mouse) per condition. Tumors were 

measured and volume calculated weekly. Explants were harvested eight weeks after 
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implantation, imaged, and formalin fixed for subsequent paraffin-embedding and 

histological analysis.  

Five-mm tissue sections were stained with Hematoxylin and Eosin (H&E) or 

Masson’s Trichrome. To assess the degree of desmoplasia, H&E sections were scored 

by a pathologist (NLS) in a blinded manner using the following rubric: 

Grade 1: delicate indistinct fibrovascular stroma diffusely throughout sheets of 

neoplastic cells 

Grade 2: thin distinct bands of fibrovascular stroma throughout sheets of 

neoplastic cells 

Grade 3: thin distinct fibrovascular bands separating neoplastic cells into 

packeted arrangements 

Grade 4: streaming thick fibrovascular bands separating neoplastic cells into 

packeted arrangements. 

Desmoplasia scoring was confirmed with Masson’s Trichrome sections using digitally 

scanned images and Aperio ImageScope software. Tumor cell proliferation was 

assessed via manual counting of Ki67 (Dako, clone MIB-1) immunoreactive nuclei 

in 5 representative fields of view at 200-fold magnification per tumor using ImageJ 

software. 

Parental MKN74 and CD44v6-expressing cells were injected individually into 

SCID mice (Fig. 27A) to evaluate tumor formation and malignancy in vivo.  After 

eight weeks of tumor growth, tumors resulting from CD44v6 subcutaneous xenografts 

trended toward more rapid growth and increased tumor size when compared to 

MKN74 subcutaneous xenografts (Fig. 27D). Increased tumor growth correlated with 

increased desmoplastic (fibrotic) response as CD44v6 tumors contained more fibrous 

stroma intersecting packets of malignant epithelial cells relative to MKN74 tumors 

(Fig. 27E) based on histological analysis. Furthermore, Masson’s Trichrome staining  
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Figure 27: CD44v6 alters tumor growth and architecture in vivo. (A) Schematic 

showing the establishment of a gastric cancer (GC) cell line stably expressing 

CD44v6 and study design for subcutaneous xenograft injections of GC cells 

individually in SCID mice. (B) Immunofluorescence images showing CD44v6 

isoform expression and nuclei (DAPI) on MKN74 and CD44v6 cells. Scale bars = 50 

mm. Inset bars = 20 mm. (C) Representative histograms of MKN74 and CD44v6 

analysis by flow cytometry quantifying CD44v6 expression. (D) Tumor volume from 

MKN74 (n = 3) and CD44v6 (n = 8) subcutaneous xenografts over eight weeks of 

growth and representative gross images of explanted tumors at week 8. Scale bars = 5 

mm. (E) Histological grading and representative photomicrographs of the 

desmoplastic response of MKN74 and CD44v6 subcutaneous xenografts on 

Hematoxylin and Eosin (H&E) stained sections with confirmation of collagen 

deposition (blue) via Masson’s Trichrome-stained sections after 8 weeks of 

subcutaneous injection. Arrows indicate fibrotic tissue. Scale bars = 25 mm, inset bars 

= 50 mm. Published in Lourenco B, et al. Int Biol 2018;10(3):145-158 
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confirmed overexpresson of CD44v6 promotes tumor desmoplasia as there was 

greater collagen content(blue) in tumors formed by CD44v6 cells as compared to 

tumors formed by MKN74 cells (Fig. 27E). 

 CD44v6 soluble factors were found to promote ASC differentiation to 

myofibroblasts in vitro105. We assessed the biological relevance of this finding by 

comparing CD44v6 xeongrafts alone with CD44v6 + ASCs xenografts. Based on 

histopathological evaluation, co-implantation of ASCs with CD44v6 cells resulted in 

increased heterogeneity of the desmoplastic response and a higher proportion of grade 

4 desmoplasia versus CD44v6 cells implanted alone (Fig. 28). Masson’s Trichrome 

  

 

 

Figure 28: Schematic of xenografting conditions. CD44v6 cells were injected into 

SCID mice either alone (n = 8) or in combination with ASCs (n = 7) and tumors were 

harvested after 8 weeks. Representative photomicrographs of H&E-stained cross-

sections and confirmation of collagen deposition (blue) via Masson’s Trichrome 

stained sections. Corresponding histological scoring of desmoplasia based on H&E 

sections. Tumors were harvested 8 weeks after injection. Scale bars = 25 mm, Inset 

bars = 50 mm. * p < 0.05. Published in Lourenco B, et al. Int Biol 2018;10(3):145-158 
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staining confirmed this finding with greater collagen deposition (blue) in co-implanted 

tumors (Fig. 28), suggesting that CD44v6 overexpression enhances myofibroblast 

differentiation with subsequent collagen deposition, contributing to a desmoplastic 

tumor microenvironment in GC. 

Furthermore, CD44v6 + ASCs tumors had increased fibrous stroma (Fig. 

29D), in contrast to tumors derived from MKN74 + ASCs on histopathological 

evaluation. Increased cell proliferation, as determined by Ki67 immunoreactivity, 

accompanied this desmoplastic response in CD44v6 + ASCs tumors relative to 

MKN74 + ASCs tumors, (Fig. 29D). Additionally, larger and more pleomorphic 

nuclei were found in CD44v6 + ASCs tumors than in MKN74 + ASCs tumors 

suggesting increased malignancy when CD44v6 is expressed (Fig. 29D). Overall, 

these findings indicate that CD44v6 expression modulates GC malignant behavior in 

vivo by enhancing ASC-mediated contributions to tumor stroma formation 
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Figure 29:  Upon co-injection with ASCs CD44v6 tumors are more proliferative and 

desmoplastic than MKN74 tumors. (A) Schematic showing the study design for 

subcutaneous xenograft co-injections of MKN74 and CD44v6 cells with ASCs in 

SCID mice. (B) Measurement of tumor volume from MKN74 with ASCs (n = 3) and 

CD44v6 with ASCs (n = 8) subcutaneous xenografts over eight weeks of tumor 

growth with representative gross images of tumors explanted at the end of the 

experiment. Scale bars = 5 mm. (C) Comparison of the number of tumors formed per 

total number of subcutaneous implantations between experimental conditions. 

Analysis was performed 8 weeks after subcutaneous injection. (D) Representative 

photomicrographs of H&E stained sections of tumors collected 8 weeks after 

subcutaneous implantation of MKN74 cells + ASCs and CD44v6 cells + ASCs. 

Comparison of GC cell proliferation between conditions as quantified by 

immunohistochemical analysis of Ki67 positive cells (n = 7). Scale bars = 50 mm. * p 

< 0.05. Published in Lourenco B, et al. Int Biol 2018;10(3):145-158 
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A.3 Hydroxyapatite mineral enhances malignant potential in a tissue-engineered 

model of ductal carcinoma in situ (DCIS)  

Ductal carcinoma in situ (DCIS) can be a precursor lesion to invasive breast 

carcinomas; however, the mechanisms underlying this transition and determining 

which DCIS lesions will progress to invasive carcinoma are poorly understood.  

Mammographic detection of microcalcifications (MC) is a common method for 

diagnosing DCIS. The composition of the MC is important as non-stoichiometric 

hydroxyapatite (HA) mineral is frequently associated with malignant disease, yet it is 

unclear whether HA can actively promote malignancy. To investigate this question, 

we compared phenotypic outcomes of breast cancer cells cultured in control or HA-

containing poly(lactide-co-glycolide) (PLG) scaffolds.   

Human mammary epithelial cell line MCF10DCIS.com was cultured in 1:1 

DMEM/F12 (Gibco) supplemented with 5% horse serum (Invitrogen), 1% 

penicillin/streptomycin (Gibco), 10 μg/ml insulin (Sigma), 0.5 μg/ml hydrocortisone 

(Sigma), 100 ng/ml cholera toxin (Sigma), and 20 ng/ml EGF (Millipore).  

Porous, polymeric scaffolds were fabricated using a gas-foaming, particulate 

leaching method 218. For hydroxyapatite-containing (HA) scaffolds, poly(lactide-co-

glycolide) (PLG) microparticles (ground and sieved, ~250 μm diameter; Lakeshore 

Biomaterials) and PLG microspheres (formed by double emulsion, ~5–50 μm 

diameter; Lakeshore Biomaterials) were dry-mixed with nanocrystalline 

hydroxyapatite (Sigma #677418; phase-pure; stoichiometric; length 20–600 nm) and 

sodium chloride (sieved, ~250–400 μm diameter; J.T. Baker). The mixture was then 

pressed to form matrices (8.5mm diameter, 1mm thick) at room temperature in a dye 

press (Fred. S. Carver) and then pressurized in carbon dioxide (800 psi) with a non-

stirred vessel (Parr Instruments). After a quick de-pressurization, scaffolds were 
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soaked for 24 h in de-ionized water to leach out the sodium chloride. Non-mineral-

containing (PLG) scaffolds were fabricated similarly, excluding the 

hydroxyapatite in the starting mixture. 

 Animal studies were conducted in accordance with Cornell University 

guidelines and were approved by Cornell University's Institutional Animal Care and 

Use Committee (IACUC). 6- to 7-week-old female Hsd:Athymic Nude-Foxn1nu mice 

(n=5 or 6) from Envigo were used for MCF10DCIS.com scaffold-xenograft studies. 

Scaffolds were seeded with 5×105 cells, maintained in dynamic culture conditions for 

24 h, and then kept on ice until implantation. Mice were anesthetized, and incisions 

were made to the dorsal interscapular skin. Contralateral subcutaneous pockets in the 

infrascapular regions containing the third pair of mammary glands were then gently 

enlarged using a sterile forceps, and then irrigated with sterile PBS. Cell-seeded 

scaffolds were then inserted into subcutaneous pockets, one on each side. 

After explantation, the scaffold-tumors were fixed in 4%PFA and embedded in 

paraffin. The fixed and embedded scaffold-tumors were stained with hematoxylin and 

eosin (H&E) and Masson's Trichrome. Scanned images were then transferred to a 

board-certified pathologist for specific evaluation and diagnosis. Epithelial 

morphology, an assessment of ductal organization, was scored on a 1-to-4 scale, with 

1 representing <25% fields containing organized tubules and acinar arrangements with 

central comedo and with 2, 3, and 4 representing 25–50%, 50–75%, and >75% fields 

with the aforementioned qualities, respectively. Fibrosis was scored on a 1-to-3 scale, 

with 1 representing thin distinct bands of fibrovascular stroma throughout sheets of 

neoplastic cells, and with 2 and 3 representing streaming thick fibrovascular bands 

separating neoplastic cells in <50% and >50% of fields, respectively. Cells with 

visible chromosomes were assessed as Mitotic Figures (ten 200x fields counted per 

sample). This analysis was performed blind. 
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Scaffold-xenografts were harvested after 4 weeks and subjected to 

histopathological analyses (Fig. 30A). As expected, both HA and PLG scaffolds were 

largely degraded by the experimental endpoint (data not shown) 219. On H&E stained 

cross-sections, the PLG control scaffold tumors were typically composed of comedo-

type lesions with relatively organized ductal structures (Fig. 30B and C), which is 

comparable to previous non-scaffold-based xenograft studies with the same 

MCF10DCIS.com cell line at this timepoint220. In contrast, the HA condition had 

significantly disorganized epithelial morphologies (Fig. 30B and C). Furthermore, 

increased levels of fibrosis within HA scaffold xenografts (Fig. 30D and E) was 

evident on Masson’s Trichrome stained sections. DCIS xenografts implanted in HA 

scaffolds also had greater mitotic activity versus DCIS xenografts implanted in PLG 

scaffolds (Fig. 30F). Interestingly, greater mitotic activity was associated with greater 

fibrosis (Fig. 30G). These data suggest that HA mineral may regulate tumor 

malignancy in vivo, as evidenced by decreased epithelial organization and increased 

desmoplasia with associated higher mitotic index. 



 

89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: (A) Experimental setup for scaffold xenograft studies: Mineral-containing 

or control scaffolds seeded with 0.5e6 MCF10DCIS.com cells were implanted 

subcutaneously near the third mammary fat pad. Two scaffolds were implanted per 

animal. After 4 weeks, scaffold-xenograft tumors and serum were collected for 

histopathological and biochemical analyses. (B) Representative hematoxylin and eosin 

stained cross sections showing epithelial organization. (C) Histopathological scoring 

of the epithelial organization as seen in (B). Rubric: 1-to-4, least-to-most organized, 

details in methods. PLG vs. HA: p < 0.05. (D) Representative Masson's trichrome 

stained cross sections showing the presence of collagen fibers. (E) Histopathological 

scoring of the fibrosis as seen in (D). Rubric: 1-to-3, least-to-most fibrosis, details in 

methods. PLG vs. HA: p < 0.05. (F) Box-and-whisker plots showing Mitotic Figures 

(chromosomes in a given 200x field). Whiskers represent the 5th and 95th percentile. 

Outlier data points are depicted as dots. (G) Box-and-whisker plots showing Mitotic 

Figures as a function of Fibrosis Score. Whiskers represent the 5th and 95th percentile. 

Outlier data points are depicted as dots. For all plots, *p < 0.05.  Published in He F, et 

al. Biomaterials 2019:224;119489 
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A.4 Obesity-associated extracellular matrix promotes malignancy by increasing 

stem-like properties in breast cancer cells  

Obesity is associated with a worse clinical prognosis and increased mortality in 

breast cancer patients independent of subtype or menopausal status1,2. Although the 

underlying mechanisms remain poorly understood, increasing experimental evidence 

suggests that cancer stem cells (CSC), also known as tumor-initiating cells, may be 

associated with obesity-related metastatic disease and therapy resistance221,222. CSCs 

are functionally defined by their tumor-initiating capacity, expression of stem cell-

associated molecular markers such as OCT-4, SOX-2, NANOG, and CD44,223,224 

limited responsiveness to anti-cancer therapies, and high metastatic potential,225,226. 

Therefore, CSC could play a key role in the positive correlation between obesity and 

increased malignancy and metastasis-related mortality. Recent experimental evidence 

suggests that abnormal extracellular matrix (ECM) remodeling and integrin-dependent 

mechanotransduction may independently promote CSC-like properties in tumor 

cells227,228. Whether or not similar mechanisms play a role in obesity and breast cancer 

tumorigenesis and progression remain unclear. 

 To determine whether NANOG expression correlates with increased ECM 

remodeling by obese vs. lean ASCs in vivo, we utilized a mouse xenograft model that 

allowed testing co-localization of desmoplasia and NANOG as a function of ASC co-

implantation.  

Animal protocols were approved by the Institutional Animal Care and Use 

Committees at Cornell University. Cell lines used in the xenograft study included 

MDA-MB-231 breast cancer cells transfected with a NANOG promoter GFP reporter 

construct (referred to as MDA-MB-231:NANOG-GFP)229 and primary murine adipose 

stromal cells. ASCs were isolated from inguinal fat of age-matched 6-8 week-old 

female ob/ob (B6.Cg-Lepob/J) or lean wild type (C57BL/6J) control mice (Jackson 
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Laboratories). To obtain the stromal vascular fraction (SVF), excised fat was minced 

and digested with collagenase type I (1.5 mg/mL in Krebs-Ringer-HEPES buffer, 

Worthington Biochemical Corporation) followed by density centrifugation as 

previously described42,230. The digested tissue was passed through serial 100 µm and 

70 µm cell strainers (Pierce) and centrifuged to separate the SVF from the top fat 

layer. The SVF was culture in 1:1 Dulbecco's Modified Eagle Medium (DMEM)/F12 

(Gibco) supplemented with 10% FBS (Tissue Culture Biologicals) and 1% 

penicillin/streptomycin (Gibco) (referred to as complete medium) in standard tissue 

culture-treated flasks to select for plastic-adherent ASCs. For experiments, ASCs were 

expanded up to passage 3 in complete medium.  

Tumor xenografts were generated by co-injection of equal numbers of MDA-

MB-231:NANOG-GFP with lean or obese ASCs (0.45 x 106 of each cell type in PBS, 

50 L injection volume) into the subcutaneous space of three 6-weeks-old female 

NOD.CB17-Prkdcsscid/J mice (Jackson Laboratories).Four tumors per mouse (n=6 

tumors per condition) were implanted, tumor size and animal weight were monitored 

each week. All procedures were conducted in accordance with Cornell University 

animal care guidelines.  

Tumor xenografts were harvested six weeks after implantation and formalin 

fixed for subsequent paraffin-embedding and histological analysis. Five μm sections 

were stained with hematoxylin and eosin (H&E) or Masson’s Trichrome stain to 

assess ECM deposition. NANOG immunohistochemistry was performed using a rabbit 

anti-NANOG antibody (Cell Signaling Technology, 4903S) after a peroxidase quench 

and heat-mediated antigen retrieval in EDTA buffer (pH 8.0). NANOG 

immunoreactivity was identified with Vector Laboratories ImmPress horseradish 

peroxidase secondary antibody and DAB chromogen. Tumor ECM distribution and 

NANOG immunoreactivity were assessed by a pathologist (NS) in a blinded manner 



 

92 

using digitally scanned images and Aperio ImageScope software. For desmoplasia 

analysis the following score was applied:  

Grade 1 = indistinct delicate fibrovascular stroma diffusely through sheets of 

neoplastic cells 

Grade 2 = thin distinct bands of fibrovascular stroma diffusely through sheets 

of neoplastic cells 

Grade 3 = thin distinct fibrovascular strands separating neoplastic cells into 

packeted arrangements 

Grade 4 = streaming thick fibrovascular strands separating neoplastic cells into 

small distinct packeted arrangements. 

Histological evaluation of tumor explants revealed that co-implantation with 

obese ASCs had no effect on tumor size and mitotic index relative to co-implantation 

with lean ASCs (Fig. 31A and 31B). However, pathological scoring of H&E-stained 

cross-sections suggested a higher degree of desmoplasia in tumors resulting from co-

implantation with obese rather than lean ASCs (Fig. 31C). Furthermore, the spatial 

distribution of fibrosis, as determined by Masson’s Trichrome staining of collagen, 

varied between both conditions. Tumors co-implanted with lean ASCs primarily 

featured central and diffuse fibrosis, while tumors co-implanted with obese ASCs 

exhibited significant peripheral fibrosis (Fig. 31D and 31E). Importantly, analysis of 

consecutive cross-sections revealed that spatial differences in fibrosis correlated with 

localization of NANOG expression. In tumors resulting from co-implantation with 

obese ASCs, NANOG-expressing cells were almost exclusively localized to the tumor 

periphery, whereas tumors with lean ASCs exhibited more heterogeneous NANOG 

distribution (Fig. 31D and 31F). These data indicate that differences in ECM 

remodeling due to co-implanted ASCs may promote the sorting of stem-like cells to 



 

93 

the fibrotic periphery of breast tumor xenografts with potential functional implications 

for tumor invasion. 

 

 

Figure 31:  (A) Volumes of tumor xenografts generated by co-injecting MDA-MB-

231:NANOG-GFP cells with either lean or obese ASCs into immunocompromised 

mice (n=6 for tumors with lean ASCs, n=5 for tumors with obese ASCs). (B) 

Histopathological scoring of mitotic index (p=0.9347). (C) Analysis of fibrosis in 

tumors with lean or obese ASCs (p<0.0001). Scale bar = 25 μm. (D) Histological 

images of tumors. Left panel shows representative H&E staining. Scale bars = 3 mm 

and 1 mm. NANOG expression (middle panel, NANOG IHC) and fibrosis (right 

panel, Masson‘s Trichrome) were assessed in consecutive tumor sections. Scale bars 

insets = 50 μm. (E) Histopathological scoring of the spatial distribution of fibrosis 

(p<0.0001) and (F) NANOG in tumors (p<0.0001). Reproduced from Wittmann K, 

Springer NL, Seo BR, McGregor A, Fleischmann D, Colville M, Paszek M, Reizes O, 

Lammerding J, and Fischbach C. Obesity-associated extracellular matrix promotes 

malignancy by increasing stem-like properties in breast cancer cells. Cell Reports, in 

revision  
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