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Abstract 

Metastatic breast cancer is a treatable but uncurable disease. Around 75% of 

patients with metastatic breast cancer were diagnosed with hormone-receptor positive 

(HR+) breast tumors, highlighting the need to further define the factors that enable 

metastatic dissemination of HR+ breast cancer cells. According to the recent 

epidemiological results, HR+ breast cancer patients experienced heterogeneous 

outcomes, despite receiving comparable treatments. These data raise the possibility that 

tumor-independent factors influence metastatic capacity of HR+ tumor cells. 

Our recently published study revealed that commensal dysbiosis, defined as an 

inflammatory gut microbiome with low biodiversity, established prior to breast tumor 

initiation enhances dissemination of HR+ tumor cells. Our study demonstrated that the gut 

commensal microbiome is a host-intrinsic factor that influences the metastatic behavior 

of mammary tumor cells. However, the cellular and molecular mechanisms underlying 

dysbiosis-induced tumor dissemination remain unknown.  

In this dissertation, we sought to identify how cellular changes in mammary tissues 

that arise in response to gut commensal dysbiosis enhance dissemination of HR+ breast 

tumor cells. Utilizing multiplex flow cytometry and histological approaches, we determined 

that gut commensal dysbiosis increases the abundance and profibrogenicity of mast cells 

in normal mammary tissues. Coupling pharmacological inhibitors and adoptive transfer 

approaches, we demonstrated that mammary tissue-associated mast cells from non-

tumor-bearing dysbiotic mice are sufficient to induce HR+ tumor dissemination. The 

collagen levels in adjacent mammary tissues from HR+ breast cancer patients are 

positively correlated with mast cell density and tumor recurrence, supporting the idea that 

mast cell-mediated fibrosis in mammary tissues contributes to poor outcomes in HR+ 

breast cancer patients. This study illuminates how crosstalk occurring between the gut 

microbiome and mammary tissue lead to preconditioning of tissue-associated mast cells 

to increase HR+ tumor dissemination. These findings will allow for an in-depth knowledge 

of the role of commensal microbiome in the early dissemination of HR+ breast tumor cells 

with the ultimate goal of developing therapeutic strategies to reduce metastasis in HR+ 

breast cancer patients. 
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Chapter 1: Introduction 

1.1 Metastatic breast cancer-disease overview 

1.1.1 Epidemiology 

Breast cancer is the second most common cause of cancer-related mortality for women 

in the United States1. It is estimated that 44,130 people (43,600 women and 530 men) 

died from breast cancer in 20211; the majority of cancer-related death was caused by 

metastasis to distal organs, such as bones, liver, lung, and brain2. Breast cancers are 

classified into four molecular subtypes based on expression of hormone-receptors (HR; 

estrogen-receptor and progesterone-receptor) and human epidermal growth factor 

receptor 2 (HER2). HR+ (ER- and/or PR-positive) breast cancer accounts for 

approximately 60% of total breast cancers and can be sub-categorized into luminal A and 

luminal B, based on HER2 expression (Luminal A: HR-positive and HER2-negative; 

Luminal B: HR-positive and HER2-positive). Hormone receptor negative subtypes are 

further subcategorized into HR-negative/HER2-positive (HER2+) breast cancer, which 

represents around 20% of breast cancer patients while triple-negative breast cancer 

(TNBC, ER-, PR, and HER2-negative) constitutes around 20% of breast cancer cases. 

Therapeutic treatment strategies are based upon the molecular profile of breast tumors, 

due to the discovery of therapeutic vulnerabilities for HER2+ and HR+ subtypes3. In clinical 

settings, HR+ breast cancer patients are likely to benefit from adjuvant or neoadjuvant 

hormone therapies; HER2+ breast cancer patients are more likely to respond HER2-

targeted therapies. Unlike HR+ and HER2+ breast cancer, no targeted therapies for TNBC 

exist. Because of this, patients are generally treated with untargeted systemic 

chemotherapies, reducing the efficacy of treatment for this breast cancer subtype4.  
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Despite targeted therapies for HR+ breast cancer, it is not a guarantee that treatment will 

improve patient outcomes4. The 4-year survival rate among HR+ breast cancer patients 

is estimated to be around 90%, HER2+ at 82.7%, and TNBC at 77%5. Although patients 

with HR+ breast tumors typically have more favorable outcomes, the epidemiological data 

from the SEER study indicates that most metastatic breast cancer patients were 

previously diagnosed with HR+ tumors (61.2% HR+/HER2- and 14.8% HR+/HER2+)6. 

These epidemiological results highlight the need to optimize current diagnostic and 

therapeutic strategies for the prevention of metastatic breast cancer. 

 

1.1.2 Limitation of current prognostic strategies 

Metastatic dissemination of breast tumor cells begins during early stages of disease 

progression7, even prior to diagnosis8. Nodal metastasis is one of the most reliable 

prognostic indicators for risk of recurrence. However, nodal metastasis is not sufficient to 

predict risk for metastasis beyond 10 years post-diagnosis. Recurrence rates for patients, 

regardless of lymph node involvement, are similar after 10 years post diagnosis9. This 

indicates the necessity to identify additional prognostic markers for predicting metastatic 

risk in patients with HR+ breast tumors. Liquid biopsies and the detection of circulating 

tumor cells10 and cell-free tumor-associated DNA/miRNA11 have emerged as novel 

alternative biomarkers, both demonstrating accurate prediction for risk of metastatic 

disease. One area which could yield novel and more reliable indicators of metastasis risk 

is to understand why some patients develop metastatic disease whereas others do not12.  
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1.1.3 Tissue microenvironment may be the key of understanding the heterogeneity 

of outcomes for HR+ breast cancer  

According to the TAILORx trial, HR+ breast cancer patients with similar breast cancer 

subtypes and disease burden and who have received similar treatments still experience 

heterogeneous outcomes13. This suggests that the tumor size and the current 

understanding of tumor molecular subtypes do not fully decipher the aggressiveness of 

cancer cells. Tumor cells do not exist in isolation, but reside in a complex tissue 

microenvironment that regulates growth, egress, and metastatic dissemination. Multiple 

studies have demonstrated that differences in the tumor microenvironment affect breast 

cancer outcomes. However, a growing body of evidence indicates that transcriptomic 

changes, such as lipid metabolism genes and epigenetic changes favoring tumor 

progression or metastasis are also present in the adjacent mammary tissues14, even prior 

to breast cancer diagnosis15. An alternative possibility suggested by these transcriptomic 

results is that tumor-independent host-intrinsic changes in the adjacent tissue exist that 

facilitate the progression of breast cancer. More importantly, it also raises an interesting 

hypothesis that heterogeneity in the mammary tissue microenvironment contributes to 

variable outcomes for patients diagnosed with HR+ breast cancer. 

 

Immune cells play a crucial role in the regulation of tumor progression. It is becoming 

clear that the tissue and systemic microenvironment can greatly influence the plasticity 

and the function of immune cells. For example, an adoptive transfer experiment of innate 

lymphoid cells (ILCs) revealed that retinoic acid-receptor-related orphan receptor 

(ROR)t-dependent ILCs phenotypically adapt to the local tissue environment they 
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invade16. By co-injecting ILCs and B16 melanoma, Nussbaum et al. demonstrated that 

splenic (ROR)t-dependent ILCs can suppress the growth of B16 melanoma, whereas 

intestinal (ROR)t-dependent ILCs fail to restrain the tumor growth16. Anti-tumor immunity 

can also be changed due to physiological conditions, such as obesity. Increased levels 

of leptin, an adipose cell-derived protein, enhances expression of programmed cell death 

protein-1 (PD-1) on T cells, leading to T cell dysfunction in the tumor microenvironment 

of mammary- or melanoma tumor-bearing mice17. Both leptin and PD-1 ligation facilitate 

STAT3 signaling in cytotoxic T cells, resulting in increased fatty acid oxidation and 

decreased glycolysis18. As a result, the leptin/PD-1/STAT3 axis-induced cytotoxic T cell 

dysfunction reduces infiltration of tumors with T cells, decreases interferon- and 

granzyme B production, and reduces T cell-mediated tumor control18. This is because 

increased PD-1 expression on T cells is associated with better response to anti-PD-1 

therapy. Leptin-induced PD-1 may explain why obesity is associated with better outcomes 

upon anti-PD-1 therapy in melanoma, colorectal cancer, and non-small cell lung cancer17, 

19, 20. These data support the idea that host-intrinsic factor(s) may contribute to 

heterogeneous outcomes in cancer patients. Importantly, mounting evidence suggests 

the changes in the mammary tissue compartment before15 or during14, 21  breast cancer 

diagnosis influence the metastatic behavior of breast tumor cells. These studies support 

our hypothesis that pre-existing changes in the mammary tissue environment can 

influence the outcomes of breast cancer. Furthermore, we hypothesize that identifying 

how cellular or molecular changes arise in the mammary tissues prior to tumor diagnosis 

could pave the way towards uncovering more accurate prognostic markers for predicting 

risk for HR+ breast tumor metastasis.   
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1.2 Microbiota: a new player in the field of cancer biology 

There are trillions of bacteria, viruses, fungi, archaea, and protozoa that reside in and on 

the body. The numbers of microbes are approximately equal to that of human cells22, 

underscoring the close relationship that we have with our commensal cohabitants. 

Bacteria account for the majority of commensal microorganisms residing at our barrier 

surfaces, with the gut having the greatest biomass of commensals.  The gut microbiome 

composition can be regulated by multiple endogenous and exogenous factors, including 

maternal factors23, delivery method24, host genetics25, 26, environmental exposures27-29, 

diet30, 31, host immune activity32, and medicine33, 34. In the past two decades, 

transcriptomic, proteomic, and metabolomic techniques have greatly expanded our 

knowledge of microbial genes and their products. Although the majority of the microbial 

functions remain unclear, it has been demonstrated that the microbiome critically affects 

multiple aspects of host physiology, including education and function of the immune 

system35, host metabolism36, neurodevelopment37, and behavior38. Of relevance to breast 

cancer, some commensal bacteria can remove the glucuronide moiety from conjugated 

estrogen, resulting in increased the reabsorption of estrogen into circulation and resulting 

in enhanced risk of estrogen-dependent malignancies, such as HR+ breast cancer39. 

Indeed, short-term use of the broad-spectrum antibiotic ampicillin leads to increased 

estrogen excretion in feces of women40-42. These studies suggest that short-term use of 

certain antibiotics may decrease the risk of HR+ breast cancer by facilitating the excretion 

of estrogen, however, the long-term effect of antibiotics treatment on breast cancer 

remains controversial.  
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Increased inflammation in mammary tissues is observed in animals with pro-inflammatory 

microbiota, also known as commensal dysbiosis. Dysbiosis is caused by use of 

antibiotics43, age44, poor diet45, and a variety of other factors. For breast cancer, increased 

inflammation is positively associated with increased tumorigenesis and enhanced tumor 

growth46 . Using fecal microbiota transplantation (FMT), we have shown that a dysbiotic 

microflora is sufficient to increase the dissemination of HR+ breast tumor cells in animals, 

and that this occurred due to increased inflammation systemically and within the tissue 

environment43, 47. These studies demonstrate that gut commensal microbiota distally 

regulate the invasiveness of HR+ breast cancer through regulation of immune 

homeostasis of the mammary tissue microenvironment.  

 

1.2.1 Gut commensal microbiota as a cornerstone of host immunity 

Unlike conventionally raised specific pathogen-free (SPF) mice, germ-free (GF) mice do 

not have detectable microorganisms in or on their body. By comparing the immunological 

phenotype in SPF mice, researchers found that GF mice have multiple immune defects, 

including reduced numbers of intestinal T cells48, impaired T cell differentiation at the 

intestinal mucosa48, decreased production of immunoglobulin A (IgA) in the gut49, 50, and 

increased immunoglobulin E (IgE) in serum and intestine51. Many of these defects can be 

rescued by transferring a fecal microbiota from mice or humans, highlighting the 

importance of gut microbiome in modulating the host immunity52 .  
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Short-chain fatty acids (SCFAs), products of bacterial fermentation of indigestible 

polysaccharides, are one category of microbiome-derived metabolites in regulating the 

homeostasis of host immunity. The majority of microbiome-derived SCFAs are acetate, 

propionate, and butyrate in an approximately molar ratio of 3:1:1, respectively53. Following 

their production, SCFAs are transported into the portal circulation via colonocytes 

resulting in the regulation of host immunity. For instance, Furusawa et al. showed that 

bacterial-derived butyrate is sufficient to induce colonic regulatory T cells (Treg) via 

promoting the H3 acetylation of Foxp354 (Figure 1.1). Later, Park et al. further 

demonstrated that the activity of histone deacetylase (HDAC) in T cells can be inhibited 

by exogenous SCFAs, resulting in mTOR-S6K pathway-dependent differentiation of type 

1 T helper cells (Th1), type 17 T helper cells (Th17), and Tregs55 (Figure 1.1). Microbiome-

derived SCFAs do not only impact T cell homeostasis, but also influence innate immunity. 

For instance, it is reported that the butyrate-GPR109a axis reduces pro-inflammatory 

properties in colonic macrophages and dendritic cells56.  

 

Microbe-associated molecular patterns (MAMPs) from gut commensals are also involved 

in maintaining host immune functions. Polysaccharide A (PSA) from Bacteroides fragilis, 

a prevalent component in mammalian intestinal microbiota, can directly interact with host 

immune cells via toll-like receptor 2 (TLR2). Round et al. showed that the direct interaction 

between B. fragilis-derived PSA and TLR2 on Tregs promotes immune tolerance57 

(Figure 1.1). Later, Dasgupta et al. further demonstrated that PSA can indirectly induces 

Tregs in the lamina propria58. Mechanistically this occurred due to PSA-activated 

plasmacytoid dendritic cells (pDC) inducing IL-10-expressing T regs58. Using 2,4,6-
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trinitrobenzenesulfonic acid-induced colitis, Dasgupta et al. observed that the 

PSA/pDC/Treg axis is sufficient to restrain intestinal inflammation in animals58 (Figure 

1.1).   

 

Importantly, the gut commensal microbiome can influence hematopoiesis and immune 

responses beyond the gastrointestinal tract. Germ free mice have diminished 

hematopoietic stem and progenitor cells (HSPCs) within the bone marrow, which can be 

restored by systemic administration of the nucleotide-binding oligomerization domain-

containing protein 1 (NOD-1) agonist, -d-glutamyl-meso-diaminopimelic acid (iE-DAP)59 

(Figure 1.1). As expected, the diminished HSPC pool results in systemically reduced 

myeloid cells in the spleens and livers of GF animals60. The diminished abundance of 

monocytes, macrophages, and neutrophils in GF mice can be rescued by orally 

administering cecal slurries from SPF mice or MAMPs from heat-killed Escherichia coli 

strain Nissle; therefore, improving the resistance to the infection of Listeria 

monocytogenes in GF animals60. Furthermore, Balmer et al. demonstrated that the gut 

microbiome facilitates acute infection-induced “emergent granulopoiesis” in bone marrow 

through toll-like receptor (TLR) signaling61. Although it is not fully clear how the gut 

microbiome systemically regulates the immune system, these aforementioned results 

suggest that the microbiome-derived MAMPs translocate from the gut to systemic tissues, 

directly modulating immune cells at steady state and during disease. Indeed, commensal-

derived microbial components have been detected in breast62, 63, ovary63, lung63, 64, and 

mesenteric lymph node65 tissues from humans. In the setting of cancer, tumor-induced 

inflammation and anti-tumor therapies are linked to increased intestinal permeability66, 
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which can further enhance microbial translocation from the intestinal lumen to systemic 

tissues67. Inoculating animals with fluorescently-labeled microbes through oral 

administration will be a compelling strategy to investigate the dynamic interactions 

between immune cells and translocated microorganisms at systemic sites before and 

during cancer progression.  

 

Unsurprisingly, the findings that commensal microorganisms regulate immune 

homeostasis and host immunity have ignited a great interest in the field of caner 

immunology. I will discuss the major findings of how gut commensal microbiome-derived 

factors influence tumors and anti-tumor therapies in the section of 1.2.2.  

 

1.2.2 Gut microbiome-derived metabolites modulate tumor progression and anti-

tumor immunity  

1.2.2.1 SCFAs 

Because microbiome-derived SCFAs influence innate and adaptive immunity, the 

question remains as to whether measuring the concentration of SCFAs could be used as 

a prognostic marker for clinical outcomes. Fecal SCFAs are swiftly absorbed by 

colonocytes in a concentration-dependent manner, potentiating changes to tumor-

associated immune cells in distal tissue sites. Recently, Nomura et al. measured the 

concentrations of SCFAs in feces and plasma from 52 patients with melanoma, head-

and-neck carcinoma, gastrointestinal carcinoma, renal cell carcinoma, urothelial 

carcinoma, lung carcinoma, or sarcoma68. All the samples were collected prior to anti-
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PD-1 treatment. Although the sample size was small for each tumor type, Nomura and 

colleagues found that certain SCFAs in the plasma and feces correlated with longer 

progression-free survival68. Interestingly, the patients who responded to PD-1 blockade 

therapy had higher concentrations of the SCFAs acetate, propionate, butyrate, and 

valerate in their feces whereas propionate and isovaleric acid were elevated in the 

plasma68. The positive correlation between SCFA concentration and therapeutic efficacy 

of PD-1 blockade therapy may be due to the ability of SCFAs to inhibit HDAC signaling, 

which increases PD-L1 and PD-L2 expression on tumor cells69. On the other hand, the 

increased levels of butyrate and propionate are associated with resistance to blockade of 

CTLA4 for patients with metastatic melanoma due to increased proportions of Tregs in 

peripheral blood and subsequent reduced accumulation of effector and memory T cells70. 

Together, these clinical results suggest that the influence of SCFAs on the efficacy of 

immune checkpoint blockade is context-dependent.  

 

Accumulating data suggest that SCFAs reduce aggressiveness of HR- breast tumors, but 

little is known as to the effects of SCFAs on HR+ breast cancer outcomes. In a transgenic 

model of HER2 breast cancer, the levels of plasma SCFAs negatively associate with the 

development of spontaneous mammary tumors71. By overexpressing the SCFA receptors 

FFAR2 and FFAR3 on the mesenchymal-like TNBC breast cancer cell line MDA-MB-231 

and epithelial-like breast cancer cell line MCF7, Thirunavukkarasan et al. found that 

signaling via FFAR2 and FFAR3 significantly inhibits the invasiveness of MDA-MB-231 in 

vitro, whereas no effects were observed in the less invasive MCF7 cell line72. These 

studies suggest that SCFAs have the ability to directly regulate tumor cell invasiveness 
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and growth for TNBC breast tumor cell lines. Considering the direct and indirect impact 

of SCFAs on tumor invasiveness and the paradoxical protective effects that dietary fiber 

has in breast cancer73, it would be interesting to test whether SCFAs affect anti-tumor 

immunity.  

 

1.2.2.2 Bile acids 

Bile acids are amphipathic products of cholesterol metabolism and function as 

physiological detergents74. Primary bile acids synthesized by hepatocytes are cholic and 

chenodeoxycholic acid, which are predominately conjugated to glycine or taurine. 

Whereas most bile acids in humans are glycine-conjugated bile acids, in mice, the 

majority are taurine-conjugated. After synthesis, primary bile acids are transported into 

the intestinal duct, where gut commensal bacteria convert the primary bile acids into 

secondary bile acids, such as deoxycholic acid and lithocholic acid. In the upper small 

intestine, bile acids emulsify fats facilitating the absorption of hydrophobic nutrients after 

which 95% of bile acids are reabsorbed, and transported back into enterohepatic 

circulation and peripheral blood after participating in the process of lipid digestion74.   

 

The positive correlation of breast cancer risk and metabolic disorders75 is usually 

associated with dysregulated bile acid homeostasis76, suggesting that the bile acids 

regulate breast tumor progression and outcomes. Currently, the influence of bile acids 

remains controversial. In a small breast cancer cohort (N=67), Tang et al. demonstrated 

that higher levels of intratumoral glycochenodeoxycholic acid (GCDC) associated with 
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longer survival and signaling pathways that inhibit tumor growth77. The authors also 

showed that the treatment with high concentrations of GCDC (100 mol/L) inhibited 

proliferation of the human HR+ breast cancer cell line MCF7 in vitro77. However, an earlier 

study demonstrated that GCDC stimulated MCF7 proliferation at the same 

concentration78. Notably, the growth of MCF7 was not affected by 10 or 50 mol/L of 

GCDC, which is closer to the biological concentration of intratumoral GCDC (1.8 μmol/L). 

Besides GCDC, the role of chenodexoycholic acid (CDCA) for HR+ breast cancer is also 

controversial. Whereas Alasmael et al. demonstrated that CDCA induced apoptosis and 

autophagy in MCF779, Journe et al. found that CDCA did not affect viability of MCF7 or 

cell proliferation in similar conditions80. Interestingly, Journe et al. showed that CDCA can 

induce the proliferation of MCF7 in the presence of estrogen80. Similarly, a positive 

correlation between intratumoral bile acid receptor farnesoid X receptor (FXR) and 

estrogen receptor (ER)/luminal markers in patients was found, suggesting that the effects 

of estrogen signaling and bile acid signaling may be linked.  

 

In addition to the direct impact of bile acids on tumor cell viability and proliferation, 

emerging evidence suggests that the microbiome/bile acid/FXR axis can also affect anti-

tumor immunity. For instance, increased levels of CDCA in vancomycin-treated mice 

enhance recruitment of tumoricidal natural killer T (NKT) cells in a CXCL16/CXCR6-

dependent manner for hepatocellular carcinoma81 (Figure 1.1). Vancomycin targets 

gram-positive bacteria such as Clostridium, which are involved in the conversion of 

primary bile acids (ex: CDCA) into secondary bile acids (ex: lithocholic acid)82. The 

accumulation of CDCA induced CXCL16 in liver sinusoidal endothelial cells induced the 
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recruitment of CXCR6+ NKT cells81. Additionally, bile acid/FXR signaling can enhance the 

expression of either anti-inflammatory or pro-inflammatory mediators from dendritic cells 

(DC), monocytes, macrophages, myeloid-derived suppressor cells (MDSC), B cells, and 

T cells83, all of which infiltrate normal and malignant mammary tissues84, 85. Indeed, 

multiple bile acids were detected in breast tumors and the adjacent mammary tissue of 

patients diagnosed with HR+ breast cancer, HER2+ breast cancer, or TNBC77. These 

studies underscore the possibility that bile acid/FXR signaling can shape the immune 

microenvironment in breast tumors and the adjacent mammary tissues.   

 

1.2.2.3 Inosine  

Inosine, a primary metabolite of adenosine, regulates immune responses through 

interacting with adenosine receptors A1, A2A, A2B, and A3. Because these receptors are 

widely expressed by all immune cells, inosine modulates immune responses in multiple 

inflammatory diseases and contexts77. The commensal bacterium Bifidobacterium 

pseudolongum is one source of inosine. Using spontaneous and implantable colon cancer 

models, Marger et al. found that inosine produced by B. pseudolongum improves efficacy 

of anti-CTLA4 antibody. Although B. pseudolongum does not influence tumor growth on 

its own, it does induce the differentiation of CD4 T cells and CD8 T cells86. Together with 

anti-CTLA4 antibody, the inoculation of B. pseudolongum increases IFN--producing 

effector T cells in the spleen and intestine, augmenting the efficacy of CTLA4-blockade86. 

Similarly, Wang et al. found that inosine is an alternative carbon source for T cell 

metabolism in a glucose restricted environment to support T cell proliferation and 
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functional activity87. These mechanistic studies highlight the importance of the gut 

microbiome for anti-tumor immunity.  
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Figure 1.1 Microbiome systemically modulates homeostasis of host immunity 
through metabolites or microbe-associated molecular patterns (MAMPs) 

Gut commensal microbiota serves as a source of bile acids, SCFAs, and MAMPs. SCFAs 
influence the differentiation of T helper type 1 (Th1) cells, T helper type 17 (Th17) cells, 
and Tregs in lamina propria. Gut microbiome-mediated bile acid metabolism regulates 
the recruitment of natural killer T cells (NTKs) into liver influencing anti-hepatocellular 
carcinoma activity. Bacteroides fragilis-derived polysaccharide A (PSA), a type of MAMPs, 
promotes intestinal Tregs through direct interactions with toll-like receptor 2 (TLR2) on 
CD4 T cells or indirect stimulation of dendritic cell (DC)-mediated induction of Treg. 
Beyond the intestinal tract and the adjacent organs, the gut commensal microbiome can 
also modulate the pool of hematopoietic stem cells in the bone marrow through 
nucleotide-binding oligomerization domain-containing protein 1 (NOD-1) signaling.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 
 

1.3 The current understanding of the role of mast cells in breast cancer 

Mast cells are evolutionarily conserved innate immune cells found in connective tissues 

throughout the body, such as perivascular sites, brain, smooth muscle, peritoneal cavity, 

gastrointestinal tract, and respiratory tract88. Mast cells are known for initiating 

inflammatory responses during allergic diseases. Although mast cells are often neglected 

in cancer research due to their low abundance in the tissue and tumor microenvironment, 

it has become clear that in cancer and non-cancer settings, mast cells are pivotal 

regulators of immune function. In this section, I will discuss the current understanding of 

mast cell biology and their roles in breast cancer.  

 

1.3.1 Introduction of mast cells 

1.3.1.1 Development of mast cells 

Non-tissue residing mast cells develop from hematopoietic progenitor populations in the 

bone marrow89 where precursor populations are recruited to distal sites via chemokine 

gradients into the tissue90, undergo division89, 91, followed by maturation and activation by 

tissue microenvironmental factors. On the other hand, tissue-resident mast cells are 

derived from yolk sac progenitors92-94. Tissue mast cells are long-lived95-97 and can be 

replenished from precursors residing in the tissue93, 98. However, very little is known how 

progenitor tissue-residing mast cells are matured. For bone marrow-derived mast cells, 

progenitors differentiate from common myeloid progenitors (CMP), a process that is 

tightly controlled by CCAAT/enhancer binding protein α (C/EBPα), GATA-binding factor 2 

(GATA-2), GATA-binding factor 3 (GATA-3), Hes-1, and melanocyte Inducing 
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Transcription Factor (MITF)89. The downregulation of C/EBPα in granulocyte-monocyte 

progenitors (GMP) along with upregulation of GATA-2, GATA-3, and Hes-1 allow GMP to 

differentiate into bipotent progenitors, which have the potential to become mast cell and 

basophils. The subsequent upregulation of MITF and further downregulation of C/EBPα 

lead to the commitment of progenitors into mast cells.  

 

Yolk sac-derived mast cell progenitors enter into connective tissues (ex: adipose tissue 

and skin) during early embryonic development and are self-maintained at steady state in 

mice, whereas bone marrow-derived mast cell progenitors constantly travel through the 

circulatory system to seed peripheral tissues93. Although bone marrow-derived mast cell 

progenitors are continually replenished during adulthood, yolk sac-derived mast cell 

progenitors are not dispensable. Kitamura et al. showed that the adoptive transfer of bone 

marrow cells from a wild-type mouse into a mast cell deficient recipient replenishes cecal 

mast cells while only partially restoring skin-residing mast cells.99 Mirroring this finding, Li 

et al. elucidated that the origin of mast cell progenitors in the gut of adult mice is bone 

marrow, whereas progenitors in the skin are derived from both yolk sac and bone marrow 

progenitor populations93. These studies suggest that mast cell progenitors from both 

origins are equally necessary to maintain tissue mast cell-pools into adulthood, similar to 

the ontogeny of tissue macrophages. Unlike other granulocytes, mature mast cells are 

long-lived immune cells that can survive for up to 12 weeks in the murine ear100. Human 

mast cells from adult skin showed proliferative ability in response to stem cell factor (SCF) 

stimulation in vitro101, however, it remains undetermined whether mature mast cells 

maintain proliferative ability in vivo.   
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1.3.1.2 Subtypes of mast cells 

A tremendous amount of work has been done to identify subtypes of mast cells in animals 

and humans, where the classification of mast cell subsets is based on the anatomical 

location and/or the protein contents in the secretory granules. In mice, the most well 

characterized subtypes of mast cells are connective-tissue mast cell (CTMC) and 

mucosal mast cell (MMC). CTMCs are found in skin, peritoneal cavity, and the 

gastrointestinal tract, whereas MMCs usually populate at mucosal sites. CTMCs have 

granules that contain heparin, histamine, tryptase, and chymase, whereas the granule 

contents of MMCs are mainly comprised of chymase, have low levels of histamine and 

undetectable levels of heparin102. In humans, mast cells are classified into MCT (mast 

cells containing mainly tryptase) and MCTC (mast cells containing both tryptase and 

chymase)102. MCT reside in the external mucosa of the gastrointestinal and respiratory 

tracts, whereas MCTC are usually found in the submucosa and perivascular tissues103, 104. 

Distinct tissue tropisms give rise to distinct functional attributes, with MCT critically 

regulating the immune responses while MCTC are involved in tissue repair103, 104. Although 

human and murine mast cells share multiple protein signatures105, mast cells from each 

species also produce a distinct repertoire of proteases102 and respond differently in the 

presence of the mast cell stabilizer cromolyn106. Host-intrinsic and/or tissue 

microenvironment-driven variations can also contribute to phenotypical differences in 

mast cells106, 107. Together, including the aforementioned factors when evaluating the 

physiological roles of mast cell may help to deconvolute the heterogeneous effects of 

mast cells. 
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1.3.2 Do mast cells influence the outcomes of breast cancer? 

Mast cells are known to initiate allergic disorders and anti-pathogen responses, but 

whether and how the mast cells influence outcomes of cancer patients is less 

characterized. Nevertheless, mechanistic studies of mast cell-driven physiological 

changes in allergic disorders and anti-pathogen responses have provided a foundation to 

disentangle mechanistically how mast cells affect cancer progression. From those studies, 

we have learned that mast cells store a variety of cytokines, chemokines, growth factors, 

proteases, histamine, and lipid-derived mediators such as prostaglandins, leukotrienes, 

and platelet activating factor in their cytoplasmic granules108, all of which can be released 

in response to high affinity IgE receptor (FcεRI) crosslinking109 or microbe-associated 

molecular pattern (MAMP) stimulation110. The release of mast cell granules into the 

extracellular space impacts a wide range of biological processes, including fibrosis, 

immune cell activation/recruitment, and/or angiogenesis111, ultimately influencing the 

aggressiveness of tumors. In the following sections, I will discuss the how mast cells 

influence breast cancer outcomes.  

 

1.3.2.1 The abundance or transcriptomic signatures of mast cells are associated 

with variable outcomes   

Toluidine blue staining, Alcian blue staining, and immunological staining for mast cell 

markers, including tryptase, chymase, and cKit, are well-established and convenient tools 

to quantify the mast cells in the tumor-draining lymph nodes, peri-, and intra-tumoral 

locations of clinical specimens derived from surgeries. With the above-mentioned 
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histological approaches, researchers have attempted to associate mast cell abundance 

with breast cancer outcomes. In 1979, Bowers H. and colleagues reported that numbers 

of mast cells within tumor-draining lymph nodes positively correlated with survival, using 

a cohort of 43 breast cancer patients112. In the recent two decades however, studies with 

larger samples sizes have reported that the numbers of mast cells in the 

intratumoral/peritumoral compartments associate with various prognoses across all 

subtypes of human breast cancer113.  

 

Although the histological approaches are convenient tools for enumerating and mapping 

mast cells from archival patient samples, there are several limitations that have likely led 

to divergent observations: 1) the mast cell population is relatively small within the breast 

tissue microenvironment. Histological studies can only cover a small portion of the tissues, 

especially when utilizing archival or tumor-adjacent tissues, diminishing the reliability and 

validity of the results; 2) Unlike tryptase or chymase, ckit can also be highly expressed by 

various cell types114, diminishing the confidence that studies utilizing cKit as a bona-fide 

mast cell marker are only enumerating mast cells; 3) Mast cells are phenotypically and 

functionally heterogeneous. Using one or two markers is unlikely to detect all of the mast 

cells in the tissues. Although metachromatic stains, such as toluidine blue and Alcian blue 

can detect mast cells without the limitation of a finite repertoire of markers, those stains 

fail to detect degranulated mast cells115 and fail to encapsulate the possibility that mast 

cells with distinct functions can have opposing effects on tumor outcomes; 4) Tissue 

sectioning can cause the degranulation of mast cells leading to underestimated numbers 

of mast cells115. 
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Indeed, applying bulk transcriptomic technologies allows researchers to detect mast cells 

with a larger repertoire of markers. CIBERSORT is a machine learning algorithm able to 

deconvolute individual immune cell signatures from bulk tissue sequences, with a 

capability of resolving individual immune cell populations in samples with low signal/noise 

ratios (e.g. poorly immune infiltrated tumors) 116. For the signature matrix, a reference 

atlas of known cell signatures is required for deconvolution, such as the human cell 

atlas117 or other sorted and analyzed reference datasets. CIBERSORT116 has been 

employed to identify the association of clinical outcomes of solid tumors with 22 immune 

cell subsets, including mast cells118. Using CIBERSORT, numerous studies identified that 

the signatures of IgE-activated mast cells are associated with poor survival in HR+119, 

HER2+119-121, and TNBC breast cancer119, 122. Interestingly, for TNBC breast cancer, some 

researchers have identified that high signatures of mast cells associate with pathological 

complete responses (pCR)121. Although CIBERSORT provides a powerful platform to 

study the role of mast cells, there are limitations of this tool that may obscure the true 

association of mast cells with breast cancer outcomes. Firstly, the genomic signatures of 

mast cells used as a reference for the CIBERSORT program were derived from a 

microarray analysis of resting or IgE-activated cord blood-derived mast cells123. Besides 

IgE, mast cells can also be activated by various stimuli that can be enriched in the 

microenvironment of the tumor and the surrounding tissues, such as prostaglandin E2124, 

adenosine125, and IL-33126. Recently, the findings that normal or malignant mammary 

tissues have distinct microbial populations63 raises the additional possibility that 

mammary tissue-associated mast cells can also be activated by microbial associated 

molecular patterns. Mast cells activated via an IgE-independent mechanism likely 
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express different signatures as compared to IgE-stimulated mast cells. Therefore, using 

CIBERSORT on bulk sequenced samples is likely to provide inadequate coverage of the 

genome, coverage that is required to uncover unique or tumor-associated signatures of 

mast cells that correspond with favorable or non-favorable outcomes. Secondly, mast cell 

signatures, such as cKit and FcRI, greatly overlap with other innate immune cells105, 

123, as mentioned previously. Investigating mast cell signatures from bulk-sequencing 

data113  from patients likely may not provide the resolution required to accurately decipher 

how mast cells affect breast cancer outcomes. Considering that mast cells are rare 

immune subsets within tissues, if it is accessible, the use of flow cytometry could provide 

a more accurate representation of true mast cell counts in whole disassociated tissues. 

However, using this approach on biopsies and resected tumor/normal tissues may not be 

feasible.   

 

1.3.2.2 The potential molecular mechanisms of mast cell-driven metastasis in 

breast cancer 

The majority of clinical observations have linked transcriptomic signatures of activated 

mast cells with pro-metastatic signatures and poor survival113, while pan-analysis of mast 

cell abundance resulted in more heterogeneous observations127. These results suggest 

that qualitative changes in mast cells may have a direct effect on tumor growth, the 

immune environment, or metastasis. Indeed, the granule contents released by activated 

mast cells can lead to pro-metastatic phenotypes, including fibrosis, increased 

angiogenesis, and immune suppression. These mechanisms are discussed below.  
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It has been well established that mast cells store a wide range of pro-fibrogenic or pro-

angiogiogenic mediators within their granules, such as platelet-derived growth factor 

(PDGF), tryptase, chymase, IL-1, IL-13, IL-4, IL-6, CCL2, CCL5, fibroblast growth factor 

(FGF), vascular endothelial growth factor (VEGF) and TGF-1128,129, 130 (Figure 1.2). 

Among the mentioned mediators, tryptase has been associated with stromal changes and 

poor outcomes in breast cancer patients113, 127. It has been shown that tryptase activates 

fibroblasts and endothelial cells through interactions with proteinase activated receptor 

(PAR)-2 on the stomal cells.  Blocking tryptase signaling with the tryptase inhibitor APC-

366 reduces tryptase-induced proliferation of endothelial progenitor cells131 and the 

activation of fibroblasts132. Indeed, breast tumors have significantly increased tryptase+ 

mast cells and -smooth muscle actin (SMA)+ activated fibroblasts as compared to 

normal breast tissues133. Serum levels of tryptase and tryptase+ mast cells positively 

correlate with CD34 expression on endothelial cells and increased microvascular density 

in human breast tumors134. Of note, breast cancer patients with enriched tryptase+ mast 

cells in the primary tumor have increased risk of developing brain metastasis135. Together, 

these data raise the possibility that mast cell-derived tryptase promotes breast tumor 

metastasis through regulation of fibrosis and angiogenesis.  

 

In addition to the direct influence on stromal cells, several studies have demonstrated that 

mast cells shape the innate immune landscape of tumors, leading to a pro-tumor and 

immune suppressive microenvironment. For instance, mast cells recruit myeloid-derived 

suppressor cells (MDSCs) via CCL2/CCR2 signaling, leading to subsequent recruitment 

of regulatory Tregs and immunosuppression in the tumor environment in a murine model 
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of hepatocarcinoma136. In B16 melanoma, mast cells synergize with MDSCs, 

exacerbating lung metastases137. MDSCs in the peripheral blood from metastatic breast 

cancer (MBC) patients are negatively correlated with survival138, underlining the necessity 

of investigating the interactions between mast cell/MDSCs in MBC patients.   

 

In addition to MDSCs, mast cells also regulate the recruitment and differentiation of M2-

like macrophages, well-known mediators of tumor invasiveness139. In the gp130FF mice, 

a spontaneous model of murine gastric cancer, IL-33-activated mast cells recruit M2-like 

macrophages into tumors through CCL2, CCL3, and CCL4, culminating in the subsequent 

outgrowth of tumors126 (Figure 1.2). It has also been reported that IL-13 from IL-33-

activated mast cells induces the differentiation of regulatory M2 macrophages140 (Figure 

1.2). IL-33 is enriched in tumors and the adjacent mammary tissues from patients with 

HR+ breast tumor, suggesting that IL-33-activated mast cell may play a role in establishing 

pro-invasion immune environment in humans141.  

 

Most current studies have related mast cells residing in tumor or tumor-draining lymph 

nodes to the outcomes of breast cancer. What remains largely unknown is whether mast 

cells in adjacent mammary tissues also affect tumor outcomes, given their ability to 

orchestrate structural and immunological changes to the tissue environment. Mast cell-

mediated stromal rearrangement is required for the development of mammary ducts 

during mammary tissue development, suggesting that mast cells are involved in the 

maintenance of mammary tissue homeostasis84. Like other immune cell subsets, the 
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surrounding tissue microenvironment can reciprocally influence the activity and function 

of mast cells142. Recently, accumulating studies have revealed that the transcriptomic 

changes favoring tumor progression occur in the mammary tissues14, even prior to the 

diagnosis of breast cancer15. These data suggest that an altered tissue microenvironment 

may induce functional changes to mammary tissue-associated mast cells which can have 

negative consequences during the early stages of tumor progression.  
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Figure 1.2 The mast cell is a cellular source of various mediators involved in 
angiogenesis, fibrosis, and immunosuppression.  

Increased angiogenesis, enhanced fibrosis, and enriched accumulation of regulatory 
immune cells can increase tumor growth and dissemination. Mast cells store abundant 
mediators that stimulate pro-metastatic phenotypes in tumor cells. Pro-angiogenesis 
mediators: tryptase, vascular endothelial growth factor (VEGF), and fibroblast growth 
factor (FGF); Pro-fibrosis mediators: tryptase, chymase, platelet-derived growth factor 
(PDGF), FGF, and transforming growth factor-beta 1 (TGF-1); Mediators that induce the 
differentiation or recruitment of regulatory immune cells: interleukin-4 (IL-4), interleukin-
13 (IL-13), TGF-1, CCL2, CCL4, and CCL5. 
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1.4 Overview of this dissertation 

Considering the heterogenous outcomes for HR+ breast cancer, and that early 

dissemination requires crosstalk between the adjacent tissue and tumor, it is likely that 

biological differences exist in normal mammary tissue prior to cancer detection that 

enhance long-term susceptibility to metastatic disease. For example, when mammary 

tissue inflammation driven by CCL2143 or PGE2144, macrophage infiltration145, 146, and 

fibrosis147, 148 precedes breast cancer, risk for metastatic disease is significantly increased 

in patients that are eventually diagnosed with HR+ disease. However, it is not well 

understood whether normal or benign-adjacent mammary tissue directly contributes to 

HR+ tumor dissemination. In alignment with this hypothesis, we demonstrated that 

commensal dysbiosis induced chemokines CCL2 and CXCL10 in normal mammary 

tissues. Importantly, when dysbiosis was induced prior to tumor initiation, HR+ tumors 

disseminated more readily into the blood, distal lymph nodes, and to the lungs. These 

results supported the idea that the gut commensal microbiome is a host-intrinsic 

modulator of HR+ breast cancer outcomes. In this dissertation, the goal of my studies was 

to identify the cellular and molecular drivers in the normal non-tumor-bearing or tumor-

adjacent mammary tissue environment that enhance metastatic dissemination of HR+ 

tumors. The central hypothesis is that commensal dysbiosis increases the pro-metastatic 

potential of mammary tissues, resulting in chemokine and cellular changes that facilitate 

egress of tumor cells from the mammary tissue environment.  

 

In Chapter 1, I provided an introduction highlighting the complex interplay between 

metastatic breast cancer, the gut microbiome, and mast cells. In Chapter 2, I will discuss 
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the evidence that pre-existing commensal dysbiosis phenotypically changes mammary 

tissue-associated mast cells, resulting in fibroblast activation in the mammary tissues, 

enhanced collagen accumulation, and subsequent early dissemination of HR+ breast 

tumors. In Chapter 3, I will integrate findings from my graduate work with observations 

from others to explore the potential mechanisms of how commensal dysbiosis distally 

regulates the pro-metastatic immune environment in mammary tissues leading to 

enhanced invasiveness of HR+ tumor cells. I will also discuss the relevance of these 

findings in the context of aging. Finally, I will summarize my findings on mast cells and 

breast cancer in the context to what is known in the literature, establishing a new model 

in which the gut microbiome distally modulates mast cell phenotype to promote or 

facilitate metastatic breast cancer.  
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Chapter 2: Reciprocal interactions between the gut microbiome and mammary 

tissue mast cells promote metastatic dissemination of HR+ breast tumors 

2.1 Forward 

This work is in press at Cancer Immunology Research, accepted July 13th 2022, with me 

as the first author. The text and figures were adapted from the publication for Chapter 2. 
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2.2 Abstract 

Establishing commensal dysbiosis, defined as an inflammatory gut microbiome with low 

biodiversity, prior to breast tumor initiation, enhances early dissemination of hormone-

receptor positive (HR+) mammary tumor cells. Here, we sought to determine whether 

cellular changes occurring in normal mammary tissues, prior to tumor initiation and in 

response to dysbiosis, enhance dissemination of HR+ tumors. Commensal dysbiosis 

increased both the frequency and profibrogenicity of mast cells in the normal non-tumor-

bearing mammary tissues, a phenotypic change that persisted after tumor implantation. 

Pharmacological and adoptive transfer approaches demonstrated that pro-fibrogenic 

mammary tissue mast cells from dysbiotic animals were sufficient to enhance 

dissemination of HR+ tumor cells. Using archival HR+ patient samples, we determined 

that enhanced collagen levels in tumor-adjacent mammary tissue positively correlated 

with mast cell abundance and HR+ breast cancer recurrence. Together, these data 

demonstrate that mast cells programmed by commensal dysbiosis activate mammary 

tissue fibroblasts and orchestrate early dissemination of HR+ breast tumors. 

 

2.3 Significance 

The role of mammary tissue-associated mast cells during breast cancer is poorly defined. 

Here, we establish that prior to tumor initiation, gut commensal dysbiosis distally 

programs mammary tissue mast cells to activate tissue-resident fibroblasts and facilitate 

metastatic dissemination of HR+ tumors. These findings uncover a novel gut microbiome-

innate immune cell axis that exists in normal mammary tissue that increases susceptibility 

to early metastatic spread of HR+ tumors.  
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2.4 Introduction 

Despite successful first-line treatments, a substantial population of hormone-receptor 

positive (HR+: estrogen- and/or progesterone-receptor+, HER2-) breast cancer patients 

develop metastasis and succumb to the disease. According to the Surveillance, 

Epidemiology and End Results (SEER) database, HR+ breast cancer is the most common 

molecular subtype (73.1%) of the metastatic breast cancer population in the US149. Well-

established treatment strategies have significantly increased long-term survival of women 

diagnosed with HR+ breast cancer, but accurate prediction of patient recurrence remains 

a significant barrier to reducing the mortality associated with metastatic breast cancer.   

 

Using a novel murine model of HR+ breast cancer150-152, we recently demonstrated that 

gut commensal dysbiosis (an inflammatory gut microbiome with low biodiversity) 

established prior to breast tumor initiation enhances metastatic dissemination of HR+ 

tumors despite primary tumor growth remaining unchanged153. This was one of the first 

studies to demonstrate that the gut microbiome acts as a host-intrinsic mediator of breast 

tumor metastasis, and further suggest that the negative consequence of having gut 

dysbiosis to breast cancer progression is established prior to tumor diagnosis. 

Sequencing of the gut microbiome from treatment-naïve patients recently diagnosed with 

breast cancer similarly demonstrated that differences in the gut microbiome affected 

tumor aggressiveness, prognosis, and therapy response154, supporting the notion that the 

gut microbiome can systemically and negatively impact breast cancer outcomes.  
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The mechanism by which changes in the gut microbiome impact breast tumor metastasis 

remains unknown. Dysbiosis can trigger systemic inflammation which is associated with 

increased metastatic recurrence in breast cancer patients155. We previously found that 

dysbiosis elevated levels of CCL2 in mammary tissue prior to tumor initiation. When 

increased levels of CCL2 precede breast cancer, there is an increased risk of developing 

breast cancer156 or metastatic disease after diagnosis143. Considering the heterogenous 

outcomes for HR+ breast cancer and in light of our recent findings, we hypothesized that 

commensal dysbiosis changes the immunological tone of the normal non-tumor-bearing 

mammary tissue, and that the cellular and molecular changes that arise in response to 

dysbiosis enhance early metastatic spread when a tumor is present. Here, we sought to 

address this hypothesis by investigating how commensal dysbiosis-induced mammary 

tissue inflammation influences dissemination of HR+ tumor cells.  

 

Mast cells are evolutionarily conserved innate immune cells that exhibit a diverse range 

of effector functions in multiple physiological and disease-associated settings. Mast cells 

mediate stromal rearrangement needed for the development of mammary ducts during 

mammary tissue development and homeostasis84, suggesting a role for the maintenance 

of mammary tissue homeostasis. Although the role of mast cells in mammary gland 

development and homeostasis are well-known, their role during breast tumor progression 

and outcomes remains controversial127, 157. Studies exist demonstrating both positive and 

negative associations between mast cells and breast cancer outcomes158. 

Mechanistically, the reasons for differences in observed outcomes have remained unclear. 

Majorini et al. demonstrated that tumor-associated mast cells can directly modulate the 
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phenotype of tumor cells towards a more luminal phenotype, directly stimulating estrogen 

receptor expression and risk of relapse159. Our colleagues McKee et al. further 

demonstrated that antibiotic treatment enhances mast cell accumulation into mammary 

tumors, increasing tumor fibrosis and growth kinetics160, suggesting that modulation of 

the gut microbiome could dictate mast cell-mediated differences in breast cancer 

outcomes. Despite this, it remains unknown what endogenous factors affect mast cell 

phenotypes in the mammary tissue environment or whether mammary tissue-associated 

mast cells have a long-term and direct impact on breast cancer metastasis.  

 

In this study, we demonstrate that commensal dysbiosis enhances accumulation of mast 

cells in the mammary tissue of non-tumor-bearing mice, and that this occurs in response 

to elevated mammary tissue CCL2 levels. In the presence of a tumor, pre-existing 

commensal dysbiosis results in tissue-infiltrating mast cells becoming pro-fibrogenic, 

culminating in increased tissue collagen levels and the promotion of early metastatic 

dissemination of HR+ tumors. We confirm that increased mast cell abundance correlates 

with high collagen levels in breast tissues of women diagnosed with HR+ breast cancer 

and risk for recurrence. To our knowledge, this is the first study revealing that commensal 

microbiome-mediated recruitment and phenotypic changes of mammary tissue-

associated mast cells in normal non-tumor-bearing mammary tissue influence the 

metastatic spread of HR+ tumor cells.   
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2.5 Results  

Commensal dysbiosis drives accumulation of mast cells in normal non-tumor-

bearing mammary tissues.   

Previously, we demonstrated that the gut microbiome was a distal host-intrinsic mediator 

of breast tumor metastasis. When commensal dysbiosis was established prior to breast 

tumor initiation, metastatic dissemination of HR+ tumors to the axillary lymph node, blood, 

and lungs were significantly increased43. Importantly, dissemination of HR+ tumor cells 

did not occur due to differences in tumor growth, as tumor volumes were unchanged in 

response to dysbiosis43. Using the model highlighted in Figure 2.1A to initiate commensal 

dysbiosis, metagenomic 16S rDNA sequencing from feces of mice at the day of tumor 

initiation (day 0) indicated a substantial difference in beta (inter-individual differences) and 

a reduction in alpha (intra-individual commensal richness) diversity of the microbiome 

from mice treated with antibiotics when compared to vehicle-treated mice (Figure 2.2A-

B), confirming that commensal dysbiosis was established prior to tumor initiation, as we 

previously reported43. Twelve days after the day 0 analysis, differences in the microbiome 

between dysbiotic and non-dysbiotic mice diminished, with reduced differences between 

dysbiotic and non-dysbiotic mice in both beta and alpha diversity, regardless of tumor 

status (Figure 2.2A-B). The significant departure in microbiome composition at day 0 

relative to observed differences at day 12 led us to hypothesize that microenvironmental 

changes arising in response to dysbiosis in non-tumor-bearing animals prime the 

mammary tissue to enhance metastatic dissemination. We further hypothesized that 

inflammatory differences in the mammary tissue environment initiated by differences in 

the microbiome prior to tumor initiation persisted in the presence of a tumor.  
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In support of our hypothesis, we previously demonstrated that gut commensal dysbiosis 

elevates chemokines CCL2 and CXCL10 in normal non-tumor-bearing mammary tissues, 

both of which remain elevated in adjacent mammary tissues during HR+ tumor 

progression153. To determine the cellular changes in the mammary tissue that accompany 

commensal dysbiosis, the immune cell composition was investigated in the normal and 

adjacent tissues from non-tumor-bearing mice with or without commensal dysbiosis. 

Commensal dysbiosis was established with antibiotics prior to analysis of mammary 

tissues and mice were synchronized into estrus to normalize cellular changes occurring 

in response to the estrus cycle (Figure 2.1A), as previously described153. Macrophages 

and myeloid cells in the mammary gland increase risk of metastatic breast cancer145, 146, 

and can be recruited in response to CCL2161 and CXCL10162. Commensal dysbiosis alone 

did not increase myeloid populations in the mammary gland of non-tumor-bearing mice 

(Figure 2.3A), despite our previous finding that dysbiosis enhanced the accumulation of 

myeloid cells in adjacent mammary tissue and tumors during early and advanced stages 

of HR+ cancer43. Although CD4 T cells were slightly elevated in mammary tissues of non-

tumor-bearing dysbiotic mice, the differences were not statistically significant and did not 

persist during tumor progression (Figure 2.3B). Similarly, no significant changes in the 

number of CD8 T cells, NK and NKT cells, double negative T cells were observed at any 

point prior to or during tumor progression (Figure 2.3B-C).  

 

Mast cells are highly responsive to the microenvironment in which they reside, and in 

other non-cancer disease models have been shown to induce fibrosis111 and 

inflammation163, both of which are relevant to the changes that occur in the mammary 
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tissue of tumor-bearing mice with pre-existing commensal dysbiosis43. We used flow 

cytometry to evaluate mast cells, using the gating schematic outlined in Figure 2.3D. We 

found that mast cell numbers were significantly increased in non-tumor-bearing normal 

mammary tissues in response to commensal dysbiosis (Figure 2.1B). Importantly, 

changes in mast cell numbers mirrored the changes in mammary tissue levels of CCL2 

and CXCL10. Specifically, mast cell numbers remained elevated in the adjacent 

mammary tissues of dysbiotic mice after tumor implantation (Figure 2.1C-D). We 

confirmed these results by also quantitating mast cells in adjacent mammary tissues of 

tumor-bearing dysbiotic or non-dysbiotic mice using histochemistry and toluidine blue 

staining (Figure 2.1E and 2.1F). Tryptase, a serine protease predominantly produced by 

mast cells, serves as a specific mast cell marker in both animal and human studies115. In 

line with increased mast cell numbers observed in adjacent mammary tissues in tumor-

bearing mice, significantly enhanced protein levels of tryptase were detected in mammary 

tissue lysates of adjacent mammary tissues from dysbiotic tumor-bearing mice when 

compared to levels in non-dysbiotic mice (Figures 2.3E-F). Mice bearing the highly 

metastatic PyMT tumor model164 also had increased mast cell abundance in the adjacent 

mammary tissue in response to commensal dysbiosis (Figure 2.1G- H), suggesting that 

the observed changes in mast cell numbers are not tumor model-specific. Interestingly, 

despite observing numeric changes of mast cells in adjacent mammary tissues of 

dysbiotic tumor-bearing mice, there were no differences in the numbers of tumor-

associated mast cells between dysbiotic or non-dysbiotic mice at the 12-day temporal 

point (Figure 2.3G). 
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The lung is a major reservoir of mast cells165, and a major site for breast tumor 

metastasis149. To evaluate the effects of dysbiosis on mast cell abundance in lungs of 

tumor-bearing mice, flow cytometry was used to enumerate mast cells. Interestingly, the 

abundance of mast cells was increased both in response to dysbiosis and a tumor (Figure 

2.3H). These results indicate that commensal dysbiosis increases the abundance of mast 

cells in lungs of mice with mammary tumors, but not in the tumors of mice with commensal 

dysbiosis.  

 

We have previously shown that fecal microbiota transplantation (FMT) of a dysbiotic 

microbiome enhances metastatic dissemination of HR+ breast tumors43. As an additional 

readout of dysbiosis-induced mast cell expansion, we next tested whether FMT with a 

dysbiotic microbiome also enhances numbers of mast cells in the mammary tissues of 

tumor-bearing mice. To do this, cecal contents from dysbiotic and non-dysbiotic donor 

mice were orally gavaged into antibiotic-sterilized recipient mice for 3 consecutive days 

(Figure 2.3I). After allowing a week for the transplanted microbiome to engraft in the 

recipient mice, flow cytometry was used to analyze normal non-tumor-bearing mammary 

tissues. Similar to animals with dysbiosis, mice receiving an FMT of a dysbiotic 

microbiome had significantly greater numbers of mast cells in mammary tissues, 

compared to those that received an FMT of a non-dysbiotic microbiome (Figure 2.3J). 

Tumor cells were implanted into the mammary tissue after the engraftment period, and 

adjacent mammary tissues were analyzed 12 days post tumor-initiation using flow 

cytometry (Figure 2.3K). Mice transplanted with a dysbiotic microflora had significantly 

increased mast cell numbers in tumors compared to those that received a non-dysbiotic 
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microbiome (Figure 2.3K). These results indicate that commensal dysbiosis is sufficient 

to enhance mast cells in mammary tissues during HR+ tumor progression.  
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Figure 2.1  

Mast cells accumulate in the mammary tissues of mice with commensal dysbiosis. 
A, Experimental scheme for B. C57BL/6 mice were orally gavaged daily with a broad-
spectrum cocktail of antibiotics or an equal volume of water as a vehicle control for 14 
days. Gavage was ceased for 4 days prior to sample collection. A modified Whitten effect 
was used to synchronize estrus prior to sample collection. B, Mast cells (live, singlet, 
CD45+Lin-cKit+FcRI+) were quantitated in normal non-tumor-bearing mammary tissues 
at day 0 using flow cytometry. C, Experimental scheme for D-H. Mammary tumor cells 
were orthotopically injected into the 4th mammary fat pad of mice with or without 
commensal dysbiosis. Twelve days post tumor initiation, adjacent mammary tissues were 
evaluated. Mice were synchronized in estrus prior to sample collection. D to F 12 days 
after BRPKp110 tumor implantation, mast cells in the adjacent mammary tissues were 
enumerated using flow cytometry (D) or by toluidine blue staining of formalin-fixed and 
parrafin embedded whole mammary glands (E and F). G, Representative images of 
adjacent mammary tissues isolated from mice bearing the aggressive HR+ tumor PyMT 
12 days post tumor implantation stained with toluidine blue. H, Quantification of mast cells 
in the adjacent mammary tissues from PyMT-bearing mice 12 days post tumor 
implantation. For E-H, Mast cells were enumerated by blindly counting within one whole 
mount section of adjacent mammary tissue stained with toluidine blue. Total mast cell 
numbers were quantitated by normalizing to the entire mammary tissue area. Mast cells 
are marked with red arrows. Representative of two independent experiments with 4-5 
mice/group. For dot plots, each symbol represents an individual mouse, and statistical 
significance was determined by two-tailed Mann-Whitney U test.  
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Figure 2.2 

Antibiotic-induced differences in the gut commensal microbiome diminish over 
time and independently of tumor initiation. 

A and B, Fecal samples were collected from non-tumor-bearing non-dysbiotic or dysbiotic 
mice at day 0 as depicted in Fig. 2.1A or 12 days post BRPKp110 implantation as 
compared to samples from non-tumor bearing counterparts (see the experimental layout 
in Fig. 2.1C) 16S rDNA analysis of the fecal microbiome from each group was performed. 
Beta diversity (A) measures the diversity of commensal microorganisms between non-
dysbiotic and dysbiotic groups of mice at day 0- or 12-days post tumor initiation. Data are 
visualized using Non-metric Multi-Dimensional Scaling (NMDS) plot with Bray-Curtis 
Dissimilarity Distances. Alpha diversity (B) is a measure of species richness within each 
group. Data are visualized by using the Shannon Diversity Index. Each symbol represents 
an individual mouse.  
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Figure 2.3 

Mast cells accumulate in the mammary tissue in response to commensal 
dysbiosis and HR+ mammary tumors. 

A-C, C57BL/6 mice were treated as described in Figure 2.1A. A, On day 0, myeloid cells 
were quantitated from disassociated normal non-tumor-bearing mammary tissues. All 
populations were gated on live, singlet, CD45+CD11b+ cells. Numbers represent absolute 
numbers of cells quantitated using counting beads. M0 macrophages = F4/80+CD86-

CD206-. M1 macrophages = F4/80+CD86+CD206-. M2 macrophages = F4/80+CD86-

CD206+. Monocytic MDSC = Ly6ChiLy6G-. Polymorphonuclear MDSC = Ly6CmidLy6G+. 
B, On day 0, T cells and NK cells were enumerated in mammary tissues of dysbiotic and 
non-dysbiotic mice. C, Quantitation of T cells and NK cells from adjacent mammary 
tissues of tumor-bearing dysbiotic and non-dysbiotic mice 12 days after tumor initiation. 
For both A and B, all populations were gated on live, singlet, and CD45+. NK cells = CD3-, 
NK1.1+; NKT cells = CD3+, NK1.1+; CD4 T cells = CD3+, NK1.1-, CD4+; CD8 T cells = 
CD3+, CD8+, NK1.1-; double negative (DN) T cells = CD3+, NK1.1-, CD4-, CD8-. D, 
Gating strategy for identifying mast cells. Using flow cytometry, mast cells were identified 
as CD45+ Lin- FCRI+ cKit+ cells. E and F, Immunoblot of the mast cell marker tryptase 
and GAPDH, as a loading control (E). Protein levels of tryptase were quantified by ImageJ 
and normalized to GAPDH (F). G-H, Quantification of mast cells in tumors (G) or lungs 
(H) from BRPKp110 tumor-bearing mice 12 days post tumor initiation. Numbers of mast 
cells were normalized to tissue weight. I-K, quantitation of mast cells in mammary tissues 
of mice receiving a fecal microbiome transplant of dysbiotic or a non-dysbiotic microbiome. 
I, Experimental scheme for fecal microbiota transplantation. C57BL/6 mice were orally 
gavaged for 7 days with a broad-spectrum cocktail of antibiotics. Immediately following 
the cessation of antibiotics, mice were orally gavaged for three consecutive days with 
cecal slurries collected from non-dysbiotic or dysbiotic mice collected at day 0, as 
depicted in Fig. 2.1A. Mice were rested for 7 days to allow for engraftment of transplanted 
microbial populations, after which mammary tissues were either analyzed for mast cells 
(J) or BRPKp110 tumors were initiated. J-K, Utilizing flow cytometry, the abundance of 
mast cells in normal non-tumor-bearing (J) or adjacent mammary tissues 12 days-post 
tumor initiation (K) were enumerated. Numbers represent mast cells/milligram of 
mammary tissue. Each symbol represents an individual mouse, and statistical 
significance was determined by two-tailed Mann-Whitney U test. 
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Mast cells promote early dissemination of HR+ mammary tumor cells. 

We next asked whether mast cell activation influences the dissemination of HR+ breast 

tumor cells. To prevent mast cell activation, mice were orally gavaged with the mast cell 

stabilizer ketotifen fumarate (10 mg/kg) once daily from days 1 to 5 following implantation 

of the poorly-metastatic HR+ tumor line BRPKp110 into the mammary fat pad (Figure 

2.4A). Ketotifen treatment significantly reduced dysbiosis-mediated tumor dissemination 

into the lungs at advanced stages of tumor progression (Figure 2.4B and 2.5A). 

Importantly, ketotifen treatment did not affect the primary BRPKp110 tumor growth 

(Figure 2.5B). Ketotifen treatment also significantly reduced the lung dissemination of the 

highly-metastatic HR+ breast tumor cell line PyMT (Figure 2.4C and 2.5C). Because the 

treatment with ketotifen reduced the PyMT primary tumor volumes (Figure 2.5D), the 

numbers of PyMT tumor cells in the lungs were normalized to final tumor burden (Figure 

2.4C) to account for variation in tumor growth. Interestingly, ketotifen treatment also 

reduced tumor dissemination in non-dysbiotic mice bearing PyMT tumors (Figure 2.4C), 

raising the possibility that mast cell-mediated tumor dissemination could also be 

influenced by tumor-intrinsic factors. Importantly, treatment of mice with cromolyn, 

another mast cell stabilizer (Figure 2.5E) also significantly reduced dissemination of 

BRPKp110 tumor cells into the lungs of dysbiotic mice (Figure 2.5F-G), suggesting that 

the observed differences in tumor burden were not a consequence of off-target effects of 

either inhibitor. Altogether, these data suggest that mast cell activation contributes to 

dysbiosis-induced metastatic dissemination of HR+ breast tumors. 
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Next, we tested the ability of mast cells derived from mammary tissue of dysbiotic animals 

to induce metastatic dissemination. Mast cells were sorted from mammary tissues of non-

tumor-bearing dysbiotic and non-dysbiotic mice. Equal numbers of sorted mast cells were 

orthotopically transferred into the left inguinal mammary fat pad of mast cell-deficient Kitw-

sh/w-sh mice (Sash mice)166. The following day, BRPKp110 tumor cells were injected into 

the same mammary fat pad that received mast cells (Figure 2.4D). Using flow cytometry, 

we confirmed that equivalent numbers of mast cells remained in the mammary tissues of 

Sash mice 12 days following tumor initiation regardless of whether they were derived from 

mammary tissues of dysbiotic or non-dysbiotic mice (Figure 2.4E). These results 

indicated that both groups of sorted mast cells were equally capable of engrafting into the 

mammary tissue of Sash mice. Sash mice that received mast cells sorted from mammary 

tissues of dysbiotic mice had significantly increased dissemination of tumor cells into the 

blood and to the axillary lymph nodes (Figure 2.4F-H), compared to the Sash mice 

receiving mast cells from mammary tissues of non-dysbiotic mice (Figure 2.4F-H). To test 

whether dysbiosis alone can affect tumor dissemination in the absence of mast cells, 

Sash mice or wild-type C57BL/6 mice were given a fecal transplant with a dysbiotic 

microbiome using the strategy outlined in Figure 2.5H. Although dysbiotic Sash mice 

showed comparable tumor growth compared to wild-type mice (Figure 2.5I), 

dissemination of tumor cells into the blood was significantly reduced compared to wild-

type mice transplanted with the same dysbiotic microbiome (Figure 2.5J-K). Collectively, 

these data indicate that mast cells are required for dysbiosis-induced metastatic 

dissemination of HR+ tumors. Furthermore, these results suggest that mammary tissue 

mast cells are functionally changed in response to commensal dysbiosis, and that the 
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dysbiosis-induced functional changes that occur prior to tumor initiation increase 

dissemination of HR+ tumor cells.     
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Figure 2.4 

Mast cells promote dissemination of HR+ tumor cells in response to commensal 
dysbiosis.  

A, Experimental scheme for ketotifen treatment in B and C. Tumor-bearing dysbiotic or 
non-dysbiotic mice were gavaged with ketotifen or vehicle daily starting 1-day post tumor 
initiation and continuing to day 5 post-tumor. Mice were evaluated 22 days post tumor 
initiation. B and C, Lungs from mice bearing advanced BRPKp110 or PyMT tumors were 
evaluated for disseminated GFP+ BRPKp110 (B) or luciferase+ PyMT (C) tumor cells 22 
days post tumor initiation using flow cytometry. Numbers of disseminated PyMT were 
normalized to the final tumor volumes. D, Experimental scheme for E-H. Equal numbers 
of mast cells sorted from normal non-tumor-bearing mammary tissues of non-dysbiotic or 
dysbiotic C57BL/6 mice at day 0, followed by transfer into the inguinal mammary fat pad 
of mast cell-deficient Kitw-sh/w-sh mice. After 18 hours post transfer, BRPKp110 tumor cells 
were injected into the same mammary fat pad of Kitw-sh/w-sh recipient mice that received 
the mast cell transfer. Twelve days post tumor implantation, adjacent mammary tissues 
were evaluated for transferred mast cells whereas blood and distal axillary lymph nodes 
were evaluated for disseminated GRP+ tumor cells. E, Flow cytometry was utilized to 
quantitate absolute numbers of mast cells and CCR2+ mast cells remaining post-transfer 
from the adjacent mammary tissues of tumor-bearing Kitw-sh/w-sh mice. Numbers represent 
mast cells/milligram of mammary tissue. F-H, Dissemination of GFP+ BRPKp110 tumor 
cells was quantitated from the peripheral blood (F), and tumor-draining axillary lymph 
nodes (G) by flow cytometry 12 days post tumor initiation in Kitw-sh/w-sh mice. H, 
Representative density flow cytometry plots showing GFP+ BRPKp110 tumor cells in the 
peripheral blood and tumor-draining axillary lymph nodes of Kitw-sh/w-sh mice. FMO spike-
in represents a gating control of blood or lymph nodes spiked with BRPKp110 tumor cells, 
minus the anti-GFP antibody. Numbers represent the percentage of gated GFP+ tumor 
cells of CD45 negative cells. Cumulative of two independent experiments with 3 
mice/group. Each symbol represents an individual mouse, and statistical significance was 
determined by two-tailed Mann-Whitney U test. 
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Figure 2.5 

Mast cells enhance dissemination of HR+ tumor cells in response to a dysbiotic 
microflora. 

A, Representative plots demonstrating GFP+ BRPKp110 cells in the lungs of mice 22 
days post tumor initiation treated with or without Ketotifen. B, Final tumor volumes of 
BRPKp110 tumor-bearing mice treated with or without ketotifen 22 days post tumor-
initiation (see experimental layout Figure 2.4A). C, Representative plots demonstrating 
luciferase+ PyMT cells in the lungs of mice 22 days post tumor initiation treated with or 
without Ketotifen. D, Final tumor volumes of PyMT tumor-bearing mice treated with or 
without ketotifen 22 days post tumor-initiation (see experimental layout Figure 2.4A). E, 
Experimental scheme of F to G. Non-dysbiotic and dysbiotic mice were orthotopically 
implanted with BRPKp110 in the inguinal mammary fat pad at day 0. Mast cell stabilizer 
cromolyn (100 mg/kg) or PBS were intraperitoneally injected from 3 days prior to tumor 
initiation until 12 days post tumor initiation. Disseminated GFP+ tumor cells in the lungs 
were quantified 26 days post tumor implantation. F, Numbers of disseminated tumor cells 
in the lungs were normalized to tissue weights. Each dot represents an individual mouse. 
G, Representative flow cytometry plots showing GFP+ BRPKp110 cells in the lungs. For 
A, C, and G - the gating strategy was based upon a lung sample spiked with tumor cells 
and FMO controls. Numbers represent percent of gated tumor cells out of total live cells. 
H, Experimental design of I-K. Wild-type C57BL/6 (B6) mice and Kitw-sh/w-sh (Sash) mice 
were gavaged with a cocktail of broad-spectrum antibiotics for 7 days followed by fecal 
transfer of dysbiotic cecal slurries (from wild-type C57BL/6 mice) for 4 consecutive days. 
The microbiome was allowed to establish for 7 days, followed by initiation of tumors using 
BRPKp110 tumor cells. I, Twelve-days post tumor implantation, tumor volumes were 
evaluated. Disseminated tumor cells in the peripheral blood were evaluated by flow 
cytometry (J and K). J, Numbers of GFP+ tumor cells in peripheral blood. K, 
Representative density flow cytometry plots showing GFP+ BRPKp110 tumor cells in the 
peripheral blood. FMO spike-in represents a gating control of blood spiked with 
BRPKp110 tumor cells, minus an anti-GFP antibody. Numbers represent the percentage 
of gated GFP+ tumor cells of CD45 negative cells. Each symbol represents an individual 
mouse, and statistical significance was determined by two-tailed Mann-Whitney U test.  
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CCL2-CCR2 signaling drives dysbiosis-induced mast cell accumulation in 

mammary tissue and subsequent early dissemination of HR+ tumor cells.  

Changes in mast cell numbers mirrored changes in chemokine levels of CCL2 and 

CXCL1043, leading us to hypothesize that mast cells are accumulating in response to the 

elevation in CCL2 and/or CXCL10. To test this hypothesis, we first measured CCR2 and 

CXCR3 levels on mast cells in the mammary tissue of dysbiotic and non-dysbiotic mice, 

with the assumption that expression of CCR2 or CXCR3 corresponds with accumulation 

in response to each respective ligand, CCL2 or CXCL10. Analysis of mast cells from 

mammary tissues of non-tumor-bearing dysbiotic mice revealed that approximately 60% 

of mast cells expressed CCR2 compared with the 30% of mast cells expressing CCR2 

from mammary tissues of non-dysbiotic mice. Importantly, no differences were observed 

for CXCR3-expressing mast cells between the two groups (Figure 2.6A). Notably, 

enrichment of a CCR2+ mast cell population was also observed in Sash mice that received 

mast cells from dysbiotic mice (Figure 2.4E). These data suggest that mast cells are 

accumulating in response to CCL2, and that CCR2 expression is a signature of mammary 

tissue mast cells in dysbiotic mice.  

 

To test whether mast cells accumulate in the mammary tissue in response to CCL2 

signaling, CCL2 was neutralized using an antibody-based approach. Dysbiosis was 

established and on 8, 6, 4, and 2 days prior to tumor initiation, anti-CCL2 or an IgG isotype 

control were administered to mice (Figure 2.6B). Neutralization of CCL2 prior to tumor 

initiation significantly reduced the abundance of total (Figure 2.6C and 2.7A) and CCR2+ 

(Figure 2.6D and 2.7B) mast cells infiltrating into adjacent mammary tissues of dysbiotic 
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mice. Reduced mast cell accumulation was not due to changes in tumor growth, as overall 

tumor burden was similar across groups (Figure 2.7C). Concomitant with the reduction of 

mast cells during CCL2 blockade, tumor dissemination into the peripheral blood (Figure 

2.6E-F) and tumor-draining lymph nodes (Figure 2.6G-H) was significantly reduced in 

dysbiotic mice. Together, these results indicate that CCL2 is required for commensal 

dysbiosis-induced accumulation of mammary tissue mast cells and subsequent early 

dissemination of HR+ tumor cells. 
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Figure 2.6 

CCL2-CCR2 signaling leads to dysbiosis-induced mast cell accumulation into 
mammary tissue and subsequent early dissemination of HR+ tumor cells.  

A, Mammary tissue mast cells were evaluated in dysbiotic and non-dysbiotic tumor-
bearing mice at day 0, prior to tumor initiation. CCR2+ and CXCR3+ mammary tissue mast 
cells were quantitated using flow cytometry. The percentage of each mast cell population 
relative to total mast cells is represented. B-H, CCL2 blockade prior-to tumor initiation. B, 
Experimental design. Mice were intraperitoneally injected with 4 doses of anti-CCL2 or 
an isotype-matched control IgG 8, 6, 4 and 2 days prior-to tumor initiation. Tumors were 
then initiated on day 0. Mammary tissues (C and D) were evaluated and tumor 
dissemination (E to H) was quantified in blood and distal axillary lymph nodes 12 days-
post tumor initiation. Mast cells (C) and CCR2+ mast cells (D) from adjacent mammary 
tissues were quantitated using flow cytometry. GFP+ BRPKp110 tumor cells were 
quantitated from the peripheral blood (representative flow plots in E, and tumor 
quantification in F) and distal tumor-draining axillary lymph nodes (representative flow 
plots in G, and tumor quantification in H). For flow plots, numbers represent the frequency 
of GFP+ tumor cells from CD45 negative cells. Each symbol represents an individual 
mouse, and statistical significance was determined by two-tailed Mann-Whitney U test. 
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Figure 2.7 

Commensal dysbiosis-induced CCL2 promotes mast cell accumulation into the 
mammary tissue.  

A and B, Mice were intraperitoneally injected with 4 doses of anti-CCL2 or an isotype-
matched control IgG prior to tumor initiation on 8, 6, 4 and 2 days prior to tumor initiation. 
Tumors were initiated on day 0. Mammary tissues were analyzed on day 12, similar to 
experimental schematic depicted in Figure 3B. Representative plots demonstrating total 
mast cells (A) and CCR2+ mast cells (B) in the mammary tissues of mice in Figure 2.6C 
and Figure 2.6D. C, Tumor volumes of anti-CCL2 antibody- or IgG-isotype treated mice 
12 days post tumor implantation. Each symbol represents an individual tumor, and 
statistical significance was determined by two-tailed Mann-Whitney U test. 
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Mast cells are involved in commensal dysbiosis-mediated fibroblast activation in 

adjacent mammary tissues. 

Mast cells contribute to fibroblast activation and tissue fibrosis in various organs in both 

humans and animals111. Activated fibroblasts, also called myofibroblasts, are involved in 

extracellular matrix (ECM) synthesis and remodeling, creating a conduit for tumor cells to 

egress out of the primary tissue and disseminate into peripheral organs167. To determine 

whether mast cells affected fibroblast activation and matrix remodeling, we first analyzed 

mammary tissue fibroblasts from mice prior to and during early tumor progression (Figure 

2.8A). Collagen I+ and smooth muscle actin (SMA)+ were evaluated as markers of 

activation on fibroblasts using flow cytometry (Figure 2.9A). Commensal dysbiosis 

enhanced fibroblast expansion and activation in normal non-tumor-bearing mammary 

tissues, and this was evident prior to tumor initiation (Figure 2.8B). Although the numbers 

of activated fibroblasts diminished in the absence of a tumor (Figure 2.8C), tumor-bearing 

mice had a significant expansion of activated fibroblasts in adjacent mammary tissues of 

mice with pre-established commensal dysbiosis (Figure 2.8D). Collagen I protein levels 

in the adjacent mammary tissues of dysbiotic mice bearing BRPKp110 (Figures 2.8E, 

2.9B) or PyMT (Figures 2.8F, 2.9C) tumors were similarly increased when compared with 

non-dysbiotic mice with equivalent tumor burden.  

 

Using the FMT approach, transfer of a dysbiotic microflora, but not a non-dysbiotic 

microflora, significantly induced collagen I levels in adjacent mammary tissues of 

BRPKp110 tumor-bearing mice (Figures 2.8G, 2.9D). Despite not observing significant 

changes in tumor-associated mast cells (Figure 2.3G), tumors from dysbiotic mice had 
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significantly increased collagen I protein levels (Figure 2.9E), and collagen I levels in 

adjacent mammary tissue significantly correlated with tumor collagen I levels (Figure 

2.9F). This association was not observed in tumors from non-dysbiotic mice (Figure 2.9G). 

Fibroblasts in mammary tumors are recruited from the adjacent mammary tissue 

environment21, suggesting that dysbiosis-induced changes in tissue fibroblast activation 

resulted in a correspondingly increased collagen I density in mammary tumors. Altogether, 

our data indicate that commensal dysbiosis increases collagen levels in both mammary 

tissue and tumors.  

 

We next evaluated whether mast cell accumulation into the tissue environment affects 

activation of tissue fibroblasts and deposition of collagen. Dysbiosis was initiated and 

mice were treated with the mast cell stabilizer ketotifen, as depicted in Figure 2.3A. 

Ketotifen significantly reduced the accumulation and activation of fibroblasts in the 

adjacent mammary tissue of tumor-bearing mice with commensal dysbiosis (Figure 2.9H). 

Importantly, ketotifen significantly reduced protein levels of collagen I in the adjacent 

mammary tissue of dysbiotic mice (Figure 2.8H-I). Next, we investigated whether 

fibroblasts become activated in response to commensal dysbiosis and HR+ tumors in the 

absence of mast cells. To do this, dysbiosis was initiated in wild-type and mast cell-

deficient Kitw-sh/w-sh Sash mice, similar to Figure 2.5H. Compared to C57BL/6 mice, 

dysbiotic Sash mice had reduced numbers of collagen I+ SMA+ fibroblasts in the adjacent 

mammary tissues (Figure 2.8J-K). Finally, reducing mammary tissue mast cell 

accumulation by neutralizing CCL2 also reduced the abundance and activation of 

fibroblasts in the adjacent mammary tissue of dysbiotic mice (Figure 2.8L-M). Together, 
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these results suggest that commensal dysbiosis-induced mammary tissue mast cells 

initiate fibroblast activation and shift the tissue millieu towards a pro-fibrogenic 

microenvironment. 
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Figure 2.8 

Commensal dysbiosis-induced mast cells activate tissue fibroblasts to produce 
collagen I.  

A, Experimental scheme for B-D. Samples were collected at day 0 for B and +12 for C 
and D. B, Numbers of collagen I+ SMA+ fibroblasts in the mammary tissues of non-tumor-
bearing dysbiotic or non-dysbiotic mice at day 0. C and D, Flow cytometric quantification 
of collagen I+ SMA+ fibroblasts in the mammary tissues from non-tumor-bearing (C) or 
adjacent mammary tissues of tumor-bearing (D) mice on day +12. Numbers are 
represented per milligram of mammary tissue. E and F, Protein levels of collagen I in the 
adjacent mammary tissues of mice bearing BRPKp110 (E) or PyMT (F) mammary tumors 
for 12 days. Collagen I was measured using immunoblot. GAPDH was included as a 
protein loading control. G, Mice received a fecal transplant of non-dysbiotic or dysbiotic 
cecal slurries prior to tumor initiation, as in Figure 2.1G. Levels of collagen I protein in the 
adjacent mammary tissue were evaluated 12 days post tumor implantation. H and I, 
Tumor-bearing non-dysbiotic or dysbiotic mice were treated with the mast cell stabilizer 
ketotifen or water as a control. Collagen I levels in the adjacent mammary tissues were 
evaluated by immunoblot 12 days post tumor implantation (H) and quantified based on 
GAPDH levels using ImageJ (I). J and K, Dysbiosis was established in wild-type C57BL/6 
mice (B6) or mast cell-deficient Kitw-sh/w-sh mice (Sash) as depicted in Figure 2.3I. Collagen 
I+ SMA+ fibroblasts in the mammary tissues was quantified using flow cytometry 12 days 
post tumor implantation. (J) Representative density plots depicting the percentage of 
collagen I+ SMA+ fibroblasts of total live cells. (K) Quantitation of total fibroblasts per 
milligram of mammary tissue using flow cytometry. L and M, anti-CCL2 antibody or 
control IgG were intraperitoneally injected into non-dysbiotic and dysbiotic mice prior to 
tumor implantation as depicted in Fig. 2.6B. At day +12, collagen I+ SMA+ fibroblasts in 
the mammary tissues were quantitated using flow cytometry. (L) Representative density 
plots depicting the percentage of collagen I+ SMA+ fibroblasts of total live cells. (M) 
Quantitation of total fibroblasts per milligram of mammary tissue using flow cytometry. For 
all flow cytometric analysis of fibroblasts, fibroblasts were identified as CD45+ CD31- 
gp38+ PDGFR-+ cells, as depicted in Figure 2.9A. Each symbol represents an individual 
mouse, and statistical significance was determined by two-tailed Mann-Whitney U test.  
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Figure 2.9 

Protein levels of collagen I in the mammary tissue are positively correlated with 
collagen I protein levels in the tumors of mice with commensal dysbiosis, but not 
in mice without dysbiosis.  

A, Gating strategy for identifying collagen I+ SMA+ fibroblasts. B and C, Collagen I levels 
in the mammary tissue were evaluated by immunoblot 12 days post BRPKp110 tumor 
implantation (B) or PyMT tumor implantation (C) and quantified based on GAPDH levels 
using ImageJ. D, Mice received a fecal transplant of non-dysbiotic or dysbiotic cecal 
slurries prior to tumor initiation, as in Figure 2.3I. Levels of collagen I protein in the 
mammary tissue were quantitated based on GAPDH protein levels using ImageJ 12 days 
post tumor implantation with BRPKp110. E, Immunoblotting of collagen I and GAPDH in 
tumors from non-dysbiotic and dysbiotic mice. F and G, Linear correlation of collagen I 
protein levels in the adjacent mammary tissues and tumors from dysbiotic mice (F) and 
non-dysbiotic mice (G). H, Mean fluorescence intensity (MFI) of SMA in mammary tissue 

fibroblasts (CD45- CD31- gp38+ PDGFR-+ cells) from tumor-bearing non-dysbiotic or 
dysbiotic mice after treatment with the mast cell stabilizer ketotifen or water, similar to Fig. 
2.4H. Each symbol represents an individual mouse, and statistical significance was 
determined by linear correlation (C and D) or two-tailed Mann-Whitney U test (E). 
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Increased PDGF-B+ mast cell numbers in dysbiotic mice correspond with increased 

PDGFR- expression on fibroblasts.   

Transfer of mast cells into Sash mice (Figures 2.4D-H) suggested that mast cells from 

dysbiotic mice were phenotypically distinct from those found in mammary tissues of non-

dysbiotic mice. To address this hypothesis, we first evaluated expression levels of genes 

related to pro-fibrogenic pathways from mast cells sorted from adjacent mammary tissues 

and tumors of dysbiotic and non-dysbiotic mice after 12 days of tumor progression. The 

expression of Pdgfb was increased in mammary tissue mast cells from tumor-bearing 

dysbiotic mice, while other pro-fibrogenic mediators, including Mcpt4, Mcpt5, Mcpt2, 

Pdgfa, and Tgfb1, remained unchanged (Figure 2.10A). The mast cell marker Cpa3 

remained comparable between the two groups (Figure 2.10A). Interestingly, tumor-

associated mast cells from dysbiotic mice also showed phenotypic differences, with 

increased Mcpt2, Pdgfb, and Cpa3 expression compared to tumor-associated mast cells 

from non-dysbiotic mice (Figure 2.10B). These data suggest that the phenotype of mast 

cells is greatly influenced by dysbiosis-induced changes to the local tissue environment.  
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Figure 2.10 

Mast cells from adjacent mammary tissues and tumors of dysbiotic tumor-bearing 
mice are phenotypically distinct from mast cells in non-dysbiotic mice.  

Mast cells were sorted from adjacent mammary tissues (A) or tumors (B) of dysbiotic or 
non dysbiotic mice during early tumor progression. RNA was extracted from sorted cells 
and relative expression of each gene was measured using semi-quantitative PCR. 
Relative gene expression levels were calculated based upon CT value for each 
gene/sample and normalized to the averaged CT values of GAPDH and -actin. Each 
symbol represents an experimental replicate, and statistical significance was determined 
by two-tailed Mann-Whitney U test. 
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Pro-fibrogenic mediator platelet-derived growth factor B (PDGF-B) is known to be 

involved in mast cell-mediated activation of fibroblasts168. Indeed, prior to tumor initiation, 

numbers of PDGF-B-expressing mast cells in mammary tissues of dysbiotic mice were 

significantly increased compared to mast cells in mammary tissues of non-dysbiotic mice 

(Figure 2.11A). Importantly, PDGF-B+ mast cell numbers remained significantly elevated 

in adjacent mammary tissues during early tumor progression (Figure 2.11B), and changes 

in PDGF-B-expressing mast cell numbers corresponded with a significant increase in the 

expression of platelet-derived growth factor receptor alpha (PDGFR-), the receptor for 

PDGF-B, on mammary tissue fibroblasts prior to (Figure 2.11C) and during tumor 

progression (Figure 2.11D). Global protein levels of PDGF-B in the mammary tissue were 

also measured using immunoblot. Similar to that observed in mast cells, dysbiotic tumor-

bearing mice had enhanced PDGF-B protein levels in adjacent mammary tissues 

compared to non-dysbiotic mice (Figures 2.12A-B). A dysbiotic microflora was also found 

to be sufficient to induce PDGF-B protein levels in adjacent mammary tissues (Figure 

2.12C-E). Importantly, tumor-bearing Sash mice had significantly lower levels of PDGF-

B in response to FMT-induced dysbiosis, when compared to wild-type mice with dysbiosis 

(Figure 2.12F-G). As expected, a mast cell deficiency also reduced levels of tryptase in 

the mammary tissue (Figure 2.12F and 2.12H). Transforming growth factor beta-1 (TGF-

1) is another potent pro-fibrogenic and pro-metastatic mediator in multiple disease 

models, including breast cacer169. However, total protein levels of TGF-1 in the adjacent 

mammary tissues and tumors of dysbiotic and non-dysbiotic mice were comparable 

(Figure 2.12I-J). These results suggest that TGF-1 is not a major mediator of dysbiosis-

mediated fibroblast activation and subsequent HR+ tumor dissemination. All together, 
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these data implicate mast cell-mediated PDGF signaling in the activation of mammary 

tissue fibroblasts during commensal dysbiosis. 

 

To test whether mammary tissue mast cells from dysbiotic mice promote fibrosis via 

PDGF signaling, mast cells sorted from mammary tissues of dysbiotic or non-dysbiotic 

mice were cocultured with NIH-3T3 fibroblasts for 24 hours (Figure 2.11E). The following 

day, activation of PDGFR--positive and PDGFR--negative fibroblasts was evaluated 

by measuring expression levels of SMA and collagen I using flow cytometry. Mast cells 

sorted from mammary tissues of dysbiotic mice induced significantly greater levels of 

SMA and increased levels of collagen I in the PDGFR-+ population of fibroblasts (Figure 

2.11F and 2.11G). Although the collagen levels between PDGFR-+ fibroblasts cultured 

with dysbiotic versus non-dysbiotic mast cells were not significantly different, collagen I 

levels were significantly increased when comparing NIH-3T3 fibroblasts cultured alone 

versus those cultured with mast cells from dysbiotic mice (Figure 2.11F and 2.11I). On 

the other hand, mast cells from dysbiotic mice induced similar levels of SMA and collagen 

I in PDGFR-- fibroblasts (Figure 2.11F, 2.11H and 2.11J), suggesting that PDGF 

signaling may be involved in mast cell-mediated fibroblast activation. Indeed, when mast 

cells sorted from adjacent mammary tissues of dysbiotic mice 6 days after tumor initiation 

were incubated with the fibroblasts and the tyrosine kinase inhibitor imatinib, to inhibit 

PDGF signaling, there was a significant reduction in activation of all fibroblasts as 

measured by both SMA and collagen I levels (Figure 2.11K-M), further implicating that 

mast cell-derived PDGF signaling mediates fibroblast activation and collagen I production 

to establish a pro-metastatic tissue microenvironment.  
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Figure 2.11  

During early tumor progression, commensal dysbiosis increases expression of 
PDGF-B+ on mast cells with corresponding increases in PDGF receptor expression 
on fibroblasts. 

A and B, Numbers of PDGF-B+ mast cells in the mammary tissues from non-tumor-
bearing (A) and tumor-bearing mice (B). Mast cells were quantitated using flow cytometry 
on mammary tissues disassociated into single cell suspensions on day +12, as depicted 
in Figure 2.3D. C and D, Evaluation of PDGFR-staining intensity (mean fluorescent 
intensity - MFI) in mammary tissue fibroblasts from non-tumor-bearing (C) and tumor-
bearing mice (D). Each symbol represents an individual mouse, and statistical 
significance was determined by two-tailed Mann-Whitney U test. E to M, NIH-3T3 
fibroblasts were co-cultured with mast cells that were sorted from mammary tissues of 
non-dysbiotic or dysbiotic mice at day 0 (F-J) or from adjacent mammary tissues of 
dysbiotic mice 6 days post-tumor-initiation (K-M). E, sorted mast cells were plated with 
NIH-3T3 fibroblasts at a ratio of 1:20. In some cultures, NIH-3T3 fibroblasts were plated 
without mast cells as negative controls or with imatinib, to inhibit PDGF signaling. After 
24 hours co-culture with day 0 mast cells, the intensity of SMA and collagen I were 
measured using flow cytometry of either CD45- PDGFR-+ (G and I) or CD45- PDGFR-

- (H and J) fibroblast populations in each well, using mean fluorescent intensity (MFI) 
as the readout. For K-M, total fibroblast populations co-cultured with mast cells sorted 
from adjacent tissues of dysbiotic mice 6-days-post tumor initiation in the presence or 
absence of imatinib using flow cytometry to measure MFI of SMA (L) or collagen I (M). F 
and K, Representative histogram overlays of SMA and collagen I expression in CD45- 

PDGFR-+ NIH-3T3 cultured with mammary tissue mast cells from non-dysbiotic or 
dysbiotic mice (F) or dysbiotic mice with or without imatinib (K). The fluorescence minus 
one (FMO) controls represent gating controls for stained NIH-3T3 cell, minus anti-SMA 
or anti-collagen I antibody. Each symbol represents an experimental replicate, and 
statistical significance was determined by two-tailed unpaired t-test. 
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Figure 2.12 

Commensal dysbiosis increases protein levels of profibrogenic mediator PDGF-B 
in the mammary tissues and on mammary tissue-associated mast cells of tumor-
bearing mice. 

A, Immunoblot of PDGF-B from mammary tissue lysates of BRPKp110 tumor-bearing 
mice with or without commensal dysbiosis. B, PDGF-B levels in the mammary tissue were 
evaluated by immunoblot 12 days post BRPKp110 tumor implantation and quantified 
based on GAPDH levels using ImageJ. C, Experimental schematic for D and E. Mice 
received a fecal transplant of non-dysbiotic or dysbiotic cecal slurries prior to tumor 
initiation. D, Immunoblot of PDGF-B or GAPDH as a protein loading control in mice 
receiving a fecal transfer (FMT) with normal or dysbiotic fecal slurry. E, Quantitation of 
PDGF-B levels in the mammary tissue based on GAPDH levels using ImageJ. F, Tumor-
bearing dysbiotic C57BL/6 mice (B6) and mast cell-deficient Kitw-sh/w-sh mice (Sash) were 
reconstituted with a dysbiotic cecal flora as demonstrated in B. Mammary tissues were 
analyzed 12 days post tumor initiation. Protein levels of tryptase and PDGF-B in the 
mammary tissues were determined by western blot. GAPDH served as a protein loading 
control. G, Quantitation of mammary tissue PDGF-B levels from the blot in F, based on 
GAPDH levels using ImageJ. H, Quantitation of mammary tissue Tryptase levels from the 
blot in F based on GAPDH levels using ImageJ. I and J, TGF-1 protein levels from 
adjacent mammary glands (I) or paired tumors (J) from non-dysbiotic and dysbiotic mice 
12 days post tumor initiation. Each symbol represents an individual mouse, and statistical 
significance was determined by two-tailed Mann-Whitney U test. 
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The abundance of mammary tissue-mast cells associates with increased collagen 

levels and metastatic recurrence in patients with HR+ breast cancer.  

To determine the clinical relevance of mast cell-mediated fibroblast activation with breast 

cancer, we first evaluated tissue sections from a small archival cohort (N = 14) of HR+ 

breast cancer patients. Consecutive tissue sections were cut from pathologist-selected 

blocks of formalin fixed and paraffin embedded tissue specimens containing tumor-

adjacent mammary tissue. Tissue sections were stained with picrosirius red to measure 

collagen levels and toluidine blue to enumerate mast cells. In line with our murine studies, 

collagen levels were positively and significantly correlated with mast cell numbers (Figure 

2.13A-B), suggesting that mast cell abundance corresponds with collagen levels in HR+ 

breast cancer patients. 

 

We next wanted to ask whether a correlation between mast cell numbers and collagen I 

levels associated with increased risk of metastatic disease. To do this, we first analyzed 

collagen I and tryptase protein levels, a specific mast cell marker in both animal and 

human studies115, from adjacent mammary tissues of tumor-bearing mice with or without 

commensal dysbiosis. There was a significant and positive association between collagen 

I and tryptase protein levels in adjacent mammary tissues from mice with dysbiosis, but 

not in mice without commensal dysbiosis (Figure 2.14A-B). To investigate whether this 

association exists in adjacent mammary tissues of patients that eventually develop 

metastatic disease, we evaluated a second cohort of archival tissues obtained from the 

Barts Cancer Institute Breast Cancer Now Tissue Bank. Within this cohort, we were able 

to analyze tissue samples from 18 patients diagnosed with HR+ breast cancer who did 
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not experience metastatic recurrence in addition to 23 patients diagnosed with HR+ breast 

cancer who developed metastatic disease (Table 2.1). There was a positive, although not 

significant, linear correlation between the numbers of mast cells and collagen levels in 

adjacent mammary tissues for patients that experienced a recurrence (Figure 2.14C and 

2.14D). On the other hand, no association was observed in patients that did not 

experience a recurrence. The difference in the linear correlation between mast cells and 

collagen of each group was significant, indicating that depicting the data using two linear 

trajectories was an appropriate measure to visualize the differences between each group 

of patients (Figure 2.14D). Of note, the mast cell density was enriched in some patients 

without a recurrence, suggesting that qualitative, rather than quantitative, changes in the 

mammary tissue mast cell populations might be more representative for increased risk of 

metastatic disease. 

 

 



77 
 

 

 

 

 

 

 

 



78 
 

Figure 2.13 

Mast cell abundance is positively correlated with collagen levels in breast tissues 
from HR+ breast cancer patients.  

A, Formalin-fixed paraffin-embedded (FFPE) breast tissues from 14 individuals 
previously diagnosed with HR+ breast cancer were sectioned and stained with PicroSirus 
Red and toluidine blue to evaluate collagen levels and to enumerate mast cells, 
respectively. Representative images are shown. 1X and 20X for PicroSirus Red (scale 
bar = 4 mm or 5 mm as indicated in the figure) and toluidine blue (scale bar = 200 m), 
respectively. B, Linear correlation of PicroSirus Red staining intensity versus mast cell 
number/image. PicroSirus Red intensity was calculated using ImageJ. Mast cells were 
quantitated by averaging the total mast cells counted for 15 - 20 randomly acquired 10X 
microscopic images, encompassing the entire tissue section. Consecutive tissue sections 
were evaluated for each respective stain in a blinded manner. Each symbol represents 
an individual human sample, and the correlation was determined by linear regression.  
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Figure 2.14 

A positive association between mast cells and collagen I in adjacent mammary 
tissue of murine and patient samples that experience metastatic relapse.   

A and B, Linear correlations of collagen I protein and tryptase protein in the adjacent 
mammary tissues from BRPKp110-bearing non-dysbiotic (A) and dysbiotic mice (B). 
Protein levels of collagen I and tryptase were normalized to loading control GAPDH. C 
and D, Archival tissues specimens from patients diagnosed with HR+ breast cancer were 
sectioned and stained with PicroSirus Red and toluidine blue to evaluate collagen levels 
and to enumerate mast cells, respectively. C, Representative images for PicroSirus Red 
(scale bar= 5 mm as indicated in the figure) and toluidine blue (scale bar= 250 m) for 
patients that relapsed with metastatic disease. D, The percentage of PicroSirus Red-
stained area in whole breast tissue sections were analyzed using ImageJ. For quantifying 
mast cells, average mast cell density (numbers of mast cell per mm2) from 10-13 
microscopic images from each section were measured using ImageJ. Image depicts the 
linear correlation of PicroSirus Red stained area versus mast cell density. Each symbol 
represents an individual subject. Statistical analysis was performed to determine whether 
the slopes for each patient cohort were statistically significant using a simple linear 
regression analysis and curve comparison. 
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Table 2.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Breast Cancer Now cohort Meta Data
No Recurrence Recurrence

Total Number of Cases 18 23

Age Range 30 - 78 34 - 77

Mean Age 57.39 55.3

Grade

1 0 0
2 6 6
3 11 16

Unknown 1

DCIS 1

Receptor Status

ER+ 18 23

ER- 0 0

PR+ 15 18

PR- 1 1

Borderline 1 0

Not Done 1 4

Her2+ 3 4

Her2- 13 13

Borderline Amplified 1 2

Borderline Non-
Amplified

0 2

Not Done 1 2

Time to Recurrence 
Range

N/A 0 - 84

Time to Recurrence 
Mean

N/A 31.55

Survival Range (for 7 
years in months)

6 - 84 0 - 84

Survival Mean (for 7 
years in months)

79.67 64.77

Survival Number 16 7
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Mast cell signatures and myofibroblastic genes are enriched in the mammary 

tissues of women susceptible to breast cancer.  

Finally, we wanted to investigate whether the presence of mast cells and fibroblast 

activation may be detected in the mammary tissues of women prior to tumor diagnosis. 

To address this, we analyzed the transcriptomic sequencing data available from the 

Susan G. Komen Tissue Bank at Indiana University Simon Comprehensive Cancer 

Center. Normal breast tissues from either women prior to their breast cancer diagnosis 

(susceptible normal15) or age-matched healthy women were obtained. Patient 

characteristics are detailed in Table 5.1.  Principal component analysis (PCA) uncovered 

a more uniform clustering of genes expressed in susceptible normal tissues while breast 

tissues from healthy donors had more heterogenous gene expression patterns (Figure 

2.15A). Gene set enrichment analysis identified an increase in mast cell signatures170 and 

PDGF-B (Table 5.2) in tissues from susceptible donors, while the breast cancer-

associated myofibroblast genes171 (Table 5.2) were significantly enriched (Figure 2.15B-

C) in this subgroup, compared to those derived from healthy donors. These results raise 

the interesting possibility that mast cell-mediated fibroblast activation may be present 

prior to a tumor diagnosis. The caveats of this analysis are the limited number of samples 

and lack of confirmation using histological analysis of normal mammary tissues. Ideally, 

RNA sequencing needs to be repeated with a larger clinical cohort of susceptible versus 

healthy breast tissues and confirmed using immunohistochemistry to detect mast cells 

and fibroblasts.  
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Figure 2.15 

Normal breast tissues from women who later developed breast cancer have 
transcriptomic enrichment of mast cell and myofibroblastic gene signatures.  

A, Principal component analysis (PCA) of the age-matched healthy donors and women 
who later went on to develop breast cancer (susceptible). B and C, Gene set enrichment 
analysis (GSEA) for mast cell (B) and myofibroblastic (C) genes was performed on the 
RNA-seq data. N=15 donated normal breast tissue samples per group. NES: Normalized 
enrichment score; FDR: False discovery rate; FWER: Familywise-error rate. 
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2.6 Discussion  

Here, we demonstrate that mammary tissue mast cells in enhance metastatic 

dissemination of HR+ tumors in response to gut commensal dysbiosis. The working model 

is shown in Figure 2.16. The role of mast cells in breast cancer has been controversial172,  

likely due to the focus of associating quantitative changes in tumor- or lymph node-

associated mast cells with outcomes instead of evaluating mast cells qualitatively. In 

doing so, some studies have identified a positive association with outcome173-175 whereas 

others have associated mast cells with a poor prognosis134, 176-178. The work from Majorini 

et al. was one of the first studies to mechanistically define how mast cells influence the 

progression of breast tumors. In this seminal study, they demonstrated mast cells directly 

modulate estrogen receptor expression on breast tumor cells via activation of cMET, 

enhancing breast tumor growth159. Somasundaram et al. further went on to demonstrate 

that mast cells enhanced immune suppression and failure of immune therapy with PD-1 

blockade179.  
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Figure 2.16 Graphical summary 

In this study, we found that the mammary tissue-associated mast cells are skewed into 
pro-metastatic and pro-fibrogenic phenotype in response to gut commensal dysbiosis.  
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Mast cells are highly responsive to the microenvironment in which they reside142, and in 

other non-cancer disease models induce endothelial cell tube formation180, fibrosis111 and 

inflammation163. Thus, it remains unknown how and when mast cell function is modulated 

to favor tumor growth, immune evasion, and metastasis. We observed that tumor-

associated mast cells from dysbiotic mice expressed increased levels of both Cpa3, 

Mcpt2, and Pdgfb (Figure 2.10B), whereas mammary tissue-associated mast cells 

expressed more Pdgfb (Figure 2.10A).  Our results demonstrate that mast cells residing 

in distinct tissue microenvironments are heterogenous and implicate the gut microbiome 

as a major contributor to mast cell functional heterogeneity. McKee and colleagues 

recently demonstrated that antibiotic-induced perturbations of the gut microbiome 

significantly increased the density of mast cells in stromal-dense regions of luminal A and 

B tumors, resulting in accelerated tumor growth160. Although we did not observe 

differences in tumor growth with our model of dysbiosis, this study supports the idea that 

changes to the gut microbiome can distally impact mast cells to favor poor breast cancer 

outcomes. Importantly, using our murine model, we demonstrate that microbiome-

induced changes to mammary-tissue mast cells are established prior to tumor initiation.  

 

Our findings also suggest that mast cells enhance the reservoir of tumor-associated 

fibroblasts through activation of tissue-associated fibroblasts21 via PDGF signaling. 

Platelet-derived growth factor (PDGF)-B+ expression in mast cells and expression of the 

PDGF receptor PDGFR- in fibroblasts are increased during commensal dysbiosis. Mast 

cells are an important cellular source of PDGF, a well-known pro-fibrogenic signaling 

pathway. Indeed, mast cells sorted from mammary tissues of dysbiotic mice induced 
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significantly higher levels of SMA and collagen I in PDGFR-+ 3T3 fibroblasts after in vitro 

co-culture, compared to mast cells from non-dysbiotic mice, and activation of fibroblasts 

by mast cells sorted from mammary tissues of dysbiotic mice was inhibited in vitro with 

imatinib. Although PDGF signaling is associated with higher rates of breast cancer 

recurrence181, treatment with the PDGF receptor inhibitor imatinib has limited efficacy in 

patients with metastatic HR+ breast cancer182-184. Given the contribution of mast cells in 

the upregulation of PDGF signaling, imatinib therapy may benefit HR+ patients with a high 

abundance of PDGF+ mast cells in the adjacent mammary tissue or in patients with 

commensal dysbiosis. Alternatively, mast cell stabilizers could potentially enhance the 

efficacy of imatinib for these patients.  

 

Clinically, high levels of fibrosis associate with increased invasiveness and poor 

outcomes for patients with breast cancer185. Indeed, for BRPKp110 and PyMT tumors, 

orthotopic models of luminal A153, 186 and luminal B187, 188 breast cancer, respectively, 

collagen levels in adjacent tissues and tumors were increased153. Chemical inhibition of 

mast cells was sufficient to reduce collagen levels, suggesting that for luminal A and B 

breast cancer, mast cells may be involved in increasing tissue stiffness and matrix 

reorganization, at least in the context of changes to the microbiome. Future studies will 

need to evaluate whether pre-existing dysbiosis affects the stroma and metastasis of 

triple negative or HER2+ breast cancer subtypes. 
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Mechanistically, blockade of CCL2 prior to tumor initiation was sufficient to reduce mast 

cell accumulation and early dissemination of mammary tumor cells. These data uncover 

a potentially novel tumor-independent role for CCL2 in promoting metastatic spread. 

Although CCL2 is a well-known driver of breast tumor growth189 and metastasis161, tumor-

independent triggers of CCL2 have not been investigated. Supporting the idea that CCL2 

contributes to tissue fibrosis in the absence of tumors and negative breast cancer 

outcomes, Sun et al. demonstrated that overexpression of CCL2 in the pre-malignant 

mammary epithelium not only increased mammary tissue density, but also susceptibility 

to carcinogen-induced breast cancer190. Although the cell populations producing CCL2 in 

the mammary tissue in response to dysbiosis are undefined in our model, it is tempting 

to speculate that mast cells may be important for the fibrotic phenotype in the Sun et al. 

model. It would also be interesting to determine whether the CCL2-CCR2 axis is involved 

in programming of mast cells towards a more pro-fibrogenic phenotype. 

 

Our analysis of transcriptomic data from normal breast tissues revealed gene enrichment 

of mast cell and cancer-associated fibroblast (CAF) subsets in patients who later 

developed breast cancer. These data suggest that, similar to CCL2143, increased 

abundance of mast cells is a negative correlate of breast cancer outcomes. Because the 

CCL2-CCR2 axis regulates the recruitment of mast cell progenitors (Mcps) during 

pulmonary inflammation90, future studies are aimed at defining whether the CCL2-CCR2 

axis also regulates the recruitment of Mcps into mammary tissue, where they are matured 

into mast cells in response to early tumor growth. However, due to the limited sample size 

of this data set, making strong conclusions are not warranted until larger cohorts of 
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susceptible versus non-susceptible mammary tissue can be analyzed using a similar 

approach.  

 

Breast cancer risk factors such as obesity, use of antibiotics, age, diet, and race, are all 

associated with altered composition of the commensal microbiome66. This highlights the 

necessity to define how an unbalanced commensal microbiome facilitates dissemination 

of breast tumor cells. There is a growing body of evidence indicating that the commensal 

microbiome affects multiple cancer outcomes and therapy responses191, 192. This study 

identifies a novel mechanism whereby an unbalanced and inflammatory microbiome 

enhances metastatic breast cancer through the promotion of cellular and molecular 

changes in normal mammary tissue. Considering the recent finding that specific gut 

microbiome differences in treatment-naïve breast cancer patients significantly associate 

with increased tumor aggressiveness, poor prognosis, and diminished therapy 

response154, it is critical to address whether changes in the microbiome that favor 

metastatic breast cancer are present prior to diagnosis. Because it is not yet known how 

changes to the gut microbiome modulate mast cell phenotype and function, future studies 

will also be focused on more extensively characterizing mast cell phenotypic changes 

occurring in response to dysbiosis and defining how mast cells directly impact tumor cell 

stemness or cells in the immune environment.  Importantly, to interrogate how changes 

in the tissue environment affect breast cancer outcomes, phenotypic evaluation of mast 

cells in the adjacent mammary tissues and possibly tumors of patient samples should 

also be performed. Based on this study, targeting mast cells in patients with early-stage 
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HR+ breast cancer could serve as an adjuvant to existing therapies aimed at reducing 

recurrence with metastatic disease. 
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Chapter 3: Future directions 

In the previous chapter, I demonstrated the importance of mammary tissue mast cells 

during commensal dysbiosis-induced HR+ tumor dissemination. However, how 

commensal dysbiosis phenotypically changes the mammary tissue mast cells remains 

unclear. Beyond our present research, aging is also associated with dysbiotic changes to 

the commensal microbiome193 and a skewed stromal tissue environment44, raising the 

possibility that mast cells could be involved in the formation of an unhealthy stromal 

microenvironment in aged animals and humans. Below, I will outline plans for future 

studies.  

 

3.1 Investigate the cellular source(s) of dysbiosis-induced CCL2 in the mammary 

tissues.  

We demonstrated that blockade of CCL2 prior to tumor initiation reduces mast cell 

accumulation in the mammary tissue, resulting in a subsequent reduction of tumor 

dissemination in mice with commensal dysbiosis. Although CCL2 is a well-known driver 

of breast tumor growth189 and metastasis161, tumor-independent triggers of CCL2 have 

not been investigated. Supporting the idea that CCL2 contributes to tissue fibrosis in the 

absence of tumors, Sun et al. demonstrated that overexpression of CCL2 in the pre-

malignant mammary epithelium not only increased mammary tissue density, but also 

susceptibility to carcinogen-induced breast cancer190. However, the systemic trigger for 

mammary tissue CCL2 and the cell populations producing CCL2 in the mammary tissue 

in response to dysbiosis remain undefined. Here, I will outline experiments to identify the 

cells producing CCL2. The B6.Cg-Ccl2tm1.1Pame/J mouse (also known as Ccl2-RFPflox 
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mouse) has RFP expression in all CCL2-expressing cells, enabling the use of RFP 

expression to distinguish the cellular sources of CCL2 in the mammary tissues. As 

depicted in figure 3.1, commensal dysbiosis will be induced in Ccl2-RFPflox mice using 

fecal microbiota transplantation (FMT). Antibiotics-treated Ccl2-RFPflox mice will be 

gavaged with cecal slurries from wild-type non-dysbiotic or dysbiotic mice for 3 

consecutive days. We will collect mammary tissues at day 13, 15, and 17 after the 

cessation of gavage. As indicated in our established model, estrus cycles will be 

synchronized in all experimental mice using a modified Whitten effect43 four days prior to 

each endpoint. At each time point, CCL2-expressing cells will be detected using flow 

cytometry. The markers of immune cells, adipocytes, fibroblasts, endothelial cells, and 

epithelial cells are listed below: mast cells (CD45+Lin-cKit+FcRI+), eosinophils 

(CD45+CD11b+F4/80+Siglec-F+), neutrophils (CD45+CD11b+Ly6G+F4/80-) , dendritic 

cells (CD45+CD11c+MHC+Ly6C-Ly6G-B220-F4/80-), macrophages (M0: 

CD45+CD11b+F4/80+CD86-CD206-; M1: CD45+CD11b+F4/80+CD86+CD206-; M2: 

CD45+CD11b+F4/80+CD86-CD206+), T cells (helper T cell: CD45+CD3+CD4+CD8-; 

cytotoxic T cell: CD45+CD3+CD4-CD8+), B cells (CD45+CD19+B220+), NK cells 

(CD45+NKP46+), T cells (CD45+CD3+TCR+), adipocytes (CD45-Adiponectin+), 

fibroblasts (CD45-CD31-gp38+PDGFR-+), endothelial cells (CD45-CD31+), and epithelial 

cells (CD45-EpCAM+). The spatial distributions and cellular interactions occurring in 

mammary tissues between CCL2-expressing cells and other cell types will be 

investigated using multiplex fluorescence imaging at the similar temporal timepoints 

depicted in Figure 3.1. Wild-type C57BL/6 mice with or without commensal dysbiosis will 

be utilized for imaging. Fluorochrome-conjugated antibodies will be used to detect the 
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CCL2 and CCR2 expression on the following immune or non-immune cells: mast cells 

(CD45, cKit, FcεRIα, Tryptase); myeloid cells (CD11b, CD206, F4/80); fibroblasts 

(smooth muscle actin, podoplanin); epithelial cells (pan cytokeratin); endothelial cells 

(CD31); adipocytes (adiponectin); and a nuclear stain. Mammary tissues will be stained 

by serial multiplexing, followed by imaging and analysis using the Canopy ZellScanner 

ChipCytometry instrument. This instrument provides quantitative single-cell resolution of 

cell surface and intracellular protein expression. Overall, these proposed experiments will 

allow us to understand the cellular source(s) of CCL2 in the mammary tissue in response 

to commensal dysbiosis, and the cellular interactions occurring between CCL2-

expressing cells and other cell types in the mammary tissues. Indeed, we cannot rule out 

that other chemokines or pro-inflammatory mediators, for instance CXCL10, in mammary 

tissues are also increased in response to commensal dysbiosis and involved in metastatic 

dissemination when a tumor is present. However, our data demonstrating that increased 

CCR2+ mast cells accumulate in mammary tissues in response to commensal dysbiosis 

whereas CXCR3+ mast cells remain unchanged, in addition to CCL2 neutralization 

reducing mast cell accumulation implicate CCL2/CCR2 signaling as a major mediator of 

dysbiosis-induced mast cell accumulation. To determine whether additional 

chemokine/cytokine pathways downstream or upstream of CCL2 signaling are involved 

in mast cell accumulation, we will measure various chemokine/cytokines in mammary 

tissues from each group of mice using Luminex. This approach will allow us to more 

deeply understand how commensal dysbiosis shapes the mammary tissue 

microenvironment. Based on our data, dysbiosis-induced CCL2 also critically regulates 

early metastatic dissemination of HR+ breast tumor cells. To define how dysbiosis-
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induced CCL2 signaling evolves in the presence of a tumor, experiments will be repeated 

in mice bearing HR+ tumors BRPKp110 or PyMT for 12 days. We hypothesize that 

defining the cellular source of CCL2 in the mammary tissue will pave the way towards 

understanding how the gut microbiome influences the mammary tissue immune 

microenvironment, and the relevance of this pathway to metastatic breast cancer. 
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Figure 3.1 Experimental layouts of investigating the cellular source(s) of CCL2 in 
mammary tissue in response to dysbiotic microbiome. 

We will use the above model to define the CCL2-expressing cell population(s) in 
mammary tissues using FMT. Specifically, Ccl2-RFPflox mice will receive broad-spectrum 
antibiotics for 7 days, to reduce the endogenous microbiome. Antibiotic-treated mice will 
then be orally gavaged with cecal slurries from non-dysbiotic or dysbiotic wild type mice 
for 3 consecutive days. CCL2-expressing cell population(s) in the mammary tissues at 
day 13, 15, or 17. A modified Whitten effect will be used to synchronize estrus prior to the 
sample collection. 
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3.2 Investigate the effects of COX-1/PGE2 signaling in the activation of mast cells 

in dysbiotic mice. 

PGE2 is associated with metastasis in breast cancer194. In our animal model, dysbiotic 

BRPKp110-bearing mice had significantly increased PGE2 levels in the adjacent 

mammary tissues when compared to non-dysbiotic controls with comparable tumor 

burden (Figure 3.2A), suggesting that the elevation of PGE2 is induced independently of 

primary tumor burden. Although PGE2 is considered as a downstream product of COX2-

dependent signaling in breast cancer195, we found the protein levels of COX-1, but not 

COX-2, were increased in the adjacent mammary tissues in response to commensal 

dysbiosis (Figure 3.2B), suggesting PGE2 is being synthesized via a COX-1-dependent 

axis. Importantly, treatment of dysbiotic mice with the COX-1-specific inhibitor SC-560 

significantly reduced activation of fibroblasts (detected by vimentin and SMA positivity) in 

adjacent mammary tissues. Importantly, SC-560 treatment significantly reduced 

dissemination of tumor cells in the circulation (Figure 3.2C) and to distal axillary lymph 

nodes (Figure 3.2D) in dysbiotic mice. These data indicate that this signaling pathway is 

also involved in the activation of fibroblasts and facilitating early tumor dissemination.  

 

PGE2 can induce bone marrow-derived mast cells to degranulate through signaling via 

the PGE receptor EP3124. I would therefore want to test the hypothesis that PGE2 

regulates the release of pro-fibrogenic mediator(s) and induces early metastatic 

dissemination by activating mast cells through the EP3 receptor. PGE2 can also inhibit 

the degranulation of mast cells by signaling through other EP receptors, such as EP2196 

and EP4197. Intriguingly this signaling pathway is complex, with studies demonstrating the 
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ability of EP receptors counteracting one another’s cellular effects when co-expressed198. 

To identify EP receptor expression on the mammary tissue mast cells in response to 

commensal dysbiosis, we will measure the expression of EP receptors 1-4 in mammary 

tissue mast cells of non-dysbiotic and dysbiotic mice using real-time PCR, flow cytometry 

or immunoblot. We will next inhibit PGE2 signaling via relevant EP receptors by 

intraperitoneally injecting EP1 inhibitor SC51089 (2 mg/kg/day199), EP1 and EP2 inhibitor 

AH6809 (0.5 mg/kg/day200), EP3 inhibitor L-798,106 (5 mg/kg/day201), or orally gavaging 

mice with EP4 inhibitor E7046 (150 mg/kg/day202), from day +6 to day +11 post 

BRPKp110 implantation. Mammary tissues and tumors will be collected on day +12 with 

the following readouts being performed: 1) Measuring protein levels of degranulation 

markers CD63 and CD107a on mammary tissue mast cells. Lysotracker and Annexin V 

will be included to measure granule content and identify degranulating mast cells, 

respectively. 2) Quantify CD45-CD31-gp38+PDGFR-+SMA+Collagen I+ myofibroblasts 

and protein levels of collagen I in adjacent mammary tissues. 3) Measure tumor 

dissemination by quantification of GFP+ BRPKp110 cells in the blood and axillary lymph 

nodes. 4) Measure primary tumor volume. These proposed experiments will illustrate 

whether commensal dysbiosis affects the expression of the EP receptors on mammary 

tissue mast cells, and which EP receptor(s) might be involved in dysbiosis-mediated 

tumor dissemination.  

 

Ultimately, these experiments will allow us to understand how PGE2 signaling affects 

metastatic dissemination, the effects of PGE2 on mast cell and fibroblast activation. We 

expect that EP3 is either upregulated in mast cells isolated from dysbiotic mammary 
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tissues, or that mast cells from both dysbiotic and non-dysbiotic mice express similar 

levels of the receptor, whereas the ligand PGE2 is only expressed at high levels in 

dysbiotic mammary tissues. We would also predict EP2/4 receptors are not expressed at 

high levels for mast cells from dysbiotic mammary tissues. Because of the role that EP3 

has during mast cell regulation, and our data demonstrating that COX-1-PGE2 synthesis 

similarly affects HR+ tumor dissemination to levels of that observed during mast cell 

inhibition, we would hypothesize that these two pathways are linked, and that PGE2 

induces mast cell degranulation and early metastatic dissemination through binding of 

EP3 on mast cells. We would hypothesize that inhibiting mast cell degranulation by 

blockade of EP3 would subsequently correspond to reduced fibroblast activation and 

macrophage polarization. Systemic inhibition of EP3 will still not exclusively define 

whether changes in tumor dissemination arise due to inhibition of EP3 on mast cells, 

unless EP3 is only expressed on mammary tissue mast cells. Measuring mast cell 

degranulation in the presence or absence of EP3 inhibition will help to provide evidence 

for the effects of EP3 on mast cells. If we identify multiple cell subsets expressing EP3 at 

high levels, we will consider restricting an EP3-deficiency to mast cells. However, the 

mice are not available on a full B6 background. A more likely approach would be to test 

the effects of EP3 on other cell subsets using Sash mice.  
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Figure 3.2 COX-1/PGE2 signaling is involved in the dysbiosis-induced HR+ tumor 
dissemination. 

A, Measured concentration of PGE2 in adjacent mammary tissues from day 12 
BRPKp110-bearing non-dysbiotic and dysbiotic animals. PGE2 was quantitated using a 
PGE2 ELISA kit and normalized to total mammary tissue protein. B, Protein levels of COX-
1 and COX-2 in the adjacent mammary tissues were measured using immunoblot of 
mammary tissue protein lysates. GAPDH was included as protein loading control. C and 
D, BRPKp110-bearing non-dysbiotic and dysbiotic mice were treated with the COX-1 
specific inhibitor SC-560 (i.p. 3.34 mg/kg/day) or with an equal volume of vehicle solution 
from day 3 to day 11 post tumor implantation. Using flow cytometry, the numbers of GFP+ 
tumor cells in the blood (C) and tumor-draining lymph nodes (D) were measured at day 
12 post tumor injection. Each symbol represents a biological replicate (4-5 mice/group). 
Statistical significance was determined by two-tailed Mann-Whitney U test. 
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3.3 Determine whether mast cell-derived IL-13 influences the accumulation or 

polarization of tumor-associated macrophages in the mammary tissue 

microenvironment of tumor-bearing dysbiotic mice. 

In our animal model (Figure 3.3A), commensal dysbiosis enhances infiltration of CD11b+ 

myeloid cells into adjacent mammary tissues (Figure 3.3D) and tumors (Figure 3.3F) 

during tumor progression (12 days after tumor implantation) but not in non-tumor bearing 

mice (Figure 3.3B). Interestingly, M2-like macrophages, which in the context of cancer 

provide an immunosuppressive microenvironment, represent the major population of 

CD11b+ myeloid cell infiltrates. A number of in vitro and in vivo studies have identified a 

role for tumor associated M2-like macrophages in breast cancer in the promotion of tumor 

cell proliferation, immunosuppression, and induction of angiogenesis203. Using CD163 as 

a marker to identify M2 macrophages, multiple studies have demonstrated that increased 

CD163+ macrophages in the tumor stroma positively correlate with metastasis in patients 

diagnosed with breast cancer204, 205. These results suggest that the increased abundance 

of M2 macrophages in the mammary tissue microenvironment could facilitate dysbiosis-

induced tumor dissemination. 

 

As discussed, mast cells can shape the immune microenvironment through the release 

of various cytokines, chemokines, growth factors, and proteases. Recently, Finlay et al. 

found that that mast cell-derived IL-13 polarized macrophages into tolerogenic M2 

phenotypes in vitro140. Interestingly, we also found increased levels of Il13 transcript in 

mast cells isolated from the adjacent mammary tissues of tumor-bearing dysbiotic mice 

(Figure 3.3C). Notably, dysbiosis did not alter expression of IL-13 in tumor-associated 
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mast cells (Figure 3.3E), suggesting the tissue microenvironment regulates the function 

of mast cells. IL-4 is also able to polarize M2 macrophages. Using our antibiotics-induced 

dysbiosis model, we found that commensal dysbiosis did not result in a change of protein 

levels of IL-4 in the mammary tissues as compared with non-dysbiotic controls (Figure 

3.3G-I), suggesting IL-4 may not be involved macrophage recruitment or polarization 

within mammary tissues. Based upon these results, I would test the hypothesis that 

commensal dysbiosis-induced IL-13 expression in mast cells facilitates the polarization 

of M2-like macrophages in the adjacent mammary tissues and that this pathway leads to 

early dissemination of tumors. This hypothesis will be tested by performing the following 

experiments outlined below.  

 

Firstly, we will test whether in vivo inhibition of IL-13 signaling influences myeloid cell 

populations in adjacent mammary tissues. This will be done by intraperitoneal injection of 

tumor-bearing non-dysbiotic and dysbiotic mice with 200 g of isotype-matched control 

IgG or anti-IL-13 antibody (eBio 1316H) on days 2, 4, 6, 8 and 10 post-tumor implantation. 

In addition to testing this hypothesis in the luminal-A-like BRPKp110 model, we will also 

use the luminal-B-like PyMT tumor model to identify putative tumor subtype-specific 

phenotypes.  A modified Whitten effect will be used to synchronize estrus prior to each 

temporal point. On days 12 or 26 post-tumor, we will perform the following readouts: 1) 

Investigate the abundance of the following immune cells and fibroblasts in the adjacent 

mammary tissues and tumors using flow cytometry:  total mast cells (CD45+Lin-

cKit+FcRI+), IL-13+ and IL-4+ mast cells, M0 (CD45+CD11b+F4/80+CD86-CD206-), M1 

(CD45+CD11b+F4/80+CD86+CD206-), M2 (CD45+CD11b+F4/80+CD86-CD206+), and 
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myofibroblasts (CD45-CD31-gp38+PDGFR-+Collagen I+SMA+), dendritic cells (CD45, 

CD11c, MHCII), NK cells (CD45, NKP46), T cells (CD45, CD3, panTCR), CD4 and 

CD8 T cells (CD45, CD3, CD4, CD8) in addition to quantitation of PD-1, TIM3, CTLA4 

and TGIT to measure T cell immune suppression, CD44 and CD62L to measure T cell 

subsets, and IFN and TNF to assess T cell function. 2) Quantify the disseminated GFP+ 

BRPKp110 or luciferase+ PyMT in the blood and axillary lymph nodes at the day 12 

timepoint. Disseminated tumors in the lungs will be quantified 26 days post-tumor 3) 

Measure the protein levels of collagen I in the adjacent mammary tissues and tumors 

using immunoblot at all timepoints.  

 

Secondly, we will test whether mast cells from mammary tissues of dysbiotic mice are 

able to polarize bone marrow-derived macrophages (BMDMs) in an IL-13-depedent 

manner. BMDMs will be co-cultured with mast cells at a 2:1 ratio for 3-6 days. Inhibition 

of IL-13-signaling will be performed by using 10 g/ml of anti-IL-13 (eBio 1316H) antibody 

or by using blockade of IL-4R. Isotype-matched IgG1 will be included in parallel in the 

co-culture experiments. The expression of CD206, IL-6, and arginase-1 on or in the 

BMDM will be investigated using flow cytometry. Both IL-6 and arginase-1 are significantly 

elevated in CD206+ M2-like macrophages from adjacent mammary tissues of dysbiotic 

mice43. The immune suppressive activity of mast cell-polarized BMDM will be tested using 

CD3/CD28-stimulated T cells. The direct effects of mast cell polarized BMDM on tumor 

invasion will be investigated by co-culturing with tumor spheroids or co-injection with 

BRPKp110 or PyMT tumor cells, at a 10:1 tumor:macrophage ratio. 
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Here, we will test whether mast cell-derived IL-13 induces the polarization of 

macrophages, thereby affecting tumor dissemination and immune suppression in HR+ 

breast tumor-bearing dysbiotic mice. If the hypothesis is true, we expect that 

neutralization of IL-13 will reduce the abundance of M2 macrophages in the adjacent 

mammary tissue, and that this would lead to reduced tumor dissemination in dysbiotic 

mice. Because we have observed that treatment of mice with the mast cell stabilizer 

ketotifen results in significant reduction of CD11b+ myeloid cells in dysbiotic mice (Figure 

3.3J), it is possible that additional mast cell-derived factors are involved in the polarization 

of M2 macrophages. To identify the additional mast cell mediators, we will sort out mast 

cells from normal or adjacent mammary tissues of non-dysbiotic or dysbiotic mice. The 

adjacent mammary tissues will be collected at day +6 and +12 post tumor implantation. 

Mass spectrometry will be utilized to identify and quantify proteases, cytokines, 

chemokines, growth factors, and other protein effectors in mast cells. We will establish 

the co-culture of mast cells and BMDMs to define additional factors involved in 

macrophage proliferation and polarization by inhibiting mast cell mediators identified to 

be significantly different between dysbiotic versus non-dysbiotic mast cells. Together, 

these experiments will allow us to interrogate whether and which mast cell-derived 

mediators are involved in the polarization of M2 macrophage leading to increased tumor 

dissemination. Additionally, they will provide insight into the role of IL-13 in promoting 

metastatic dissemination of HR+ breast cancer.  
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Figure 3.3 Commensal dysbiosis-induced IL-13 in mammary tissue-associated 
mast cells may cause M2 macrophages accumulation in tissue microenvironment. 

A Experimental scheme. Mammary tissues or tumors from non-dysbiotic and dysbiotic 
mice were collected at day 0, 6, or 12 days post BRPKp110 implantation. At day 0 (B) 
and +12 (D and F), CD45+CD11b+ myeloid cells in the mammary tissues (B and D) or 
tumors (F) were quantified using flow cytometry. (M0: F4/80+CD86-CD206-; M1: 
F4/80+CD86+CD206-; M2: F4/80+CD86-CD206+; Polymorphonuclear MDSC: F4/80-

Ly6CmidLy6G+; Monocytic MDSC: F4/80-Ly6ChiLy6G-). Real-time PCR was utilized to 
evaluate the gene expression of IL-13 in the CD45+cKit+FCRI+ mast cells from the 
adjacent mammary tissues (C) or tumors (E) at day +6 post tumor implantation. The 
following primers were used: Il13 forward primer: 5’- TGGGTGACTGCAGTCCTGGCT-3’ 
and reverse primer 5’- GTTGCTTTGTGTAGCTGAGCA-3’. Each symbol represents an 
experimental replicate. Statistical significance was determined by two-tailed Mann-
Whitney U test. G - I The protein levels of IL-4 were evaluated in the lysates of mammary 
tissues at day 0 (G), +6 (H), and +12 (I) using a custom multiplex U-PLEX assay from 
Meso Scale Diagnostics. J Quantification of CD11b+ myeloid cells in adjacent mammary 
tissues from BRPKp110-tumor mice after treatment with ketotifen using the same markers 
in A. Each symbol represents a biological replicate. Statistical significance was 
determined by two-tailed Mann-Whitney U test. Quantifications of myeloid cells (B,D, and 
F) and IL-4 (G to I) were provided by Dr. Claire Buchta Rosean. 
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3.4 Investigate whether extracellular vesicles in tumor-bearing dysbiotic mice 

induce epithelial-mesenchymal transition (EMT) in HR+ breast cancer cells. 

Extracellular vesicles (EVs) are heterogeneous, cell-derived membranous particles that 

function as signal transporters. Initially, EVs were thought to function solely as a cellular 

waste disposal mechanism206. However, it is now apparent that EVs are important 

messengers contributing to intercellular, interorganismal, and interspecies 

communication206. EVs are classified into two groups based on their mechanism of 

biogenesis: exosomes (40-100 nm in diameter) are generated by the endosomal system, 

and microvesicles (up to ~1000 nm in diameter) are generated by blebs of plasma 

membrane. Regardless of their origin, all EVs contain heterogeneous DNA, RNA, lipids, 

and proteins that enable extracellular communication. EVs have a phospholipid bilayer 

that protects the cargo and facilitates long-distance communication. In the context of 

breast cancer, tumor-derived EVs can promote invasiveness of human cancer cells. 

Singh et al. demonstrated that the highly metastatic human breast cancer cell line MDA-

MB-231 secreted higher levels of miR-10b microRNA when compared to non-metastatic 

breast cancer cells; the MDA-MB-231-derived EVs induced invasiveness of non-

malignant human mammary epithelial (HMLE) cells through regulating HOXD10 and 

KLF4207. Similarly, EVs from the plasma of young breast cancer patients induced the 

invasion of non-invasive MCF10DCIS.com cell line as compared to the EVs from age-

matched healthy donors208. In addition to directly acting on cancer cells, breast tumor-

derived EVs can regulate tumor progression by functionally modulating stromal cells and 

immune cells. For instance, Fong et al. showed that the miR-122 in MDA-MB-231-derived 

EVs reduced glucose uptake in lung fibroblasts and supporting the establishment of pre-
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metastatic niches in the lungs209. EVs from breast cancer cells increased TGF--mediated 

immunosuppression210 and the expression of CD206, a marker of pro-tumor M2 

macrophages, in tumor-draining lymph nodes211. Recently, Keklikoglou et al., elegantly 

demonstrated that the chemotherapy drug paclitaxel elicits annexin-A6 (ANXA6)-

enriched EVs in the 4T1 breast tumor model and that this induces Ly6C+CCR2+ monocyte 

expansion in the pulmonary pre-metastatic niche212. The work of Keklikoglou et al. 

suggests that non-tumor-intrinsic factors, such as cytotoxic agents, induce different 

cargoes in tumor-derived EVs, and that these changes can systemically influence pro- or 

anti-tumor immunity.  

 

We have preliminary data suggesting that circulatory EVs (around 100 nm in diameter, 

Figure 3.4A) from BRPKp110-bearing dysbiotic animals promote invasion, measured as 

the numbers of spikes formation per m2 of organoid area, in mammary organoids 

compared to equal numbers of EVs from tumor-bearing non-dysbiotic or non-tumor 

bearing mice (Figure 3.4B and 3.4C). This EV-driven invasion is reduced by the addition 

of heparin, an inhibitor of EV uptake by mammary organoids (Figure 3.4B and 3.4C). In 

addition to non-malignant organoids, we confirmed that the circulatory EVs from tumor-

bearing dysbiotic animals were also able to induce significantly greater invasion in tumor 

spheroids as compared to non-dysbiotic tumor-bearing animals (Figure 3.4D and 3.4E). 

Indeed, dysbiotic mice have increased HR+ breast tumor dissemination in the blood, 

tumor-draining lymph nodes, and lungs, suggesting HR+ breast tumor cells acquire 

increased invasive capabilities in dysbiotic hosts. These data suggest that commensal 

dysbiosis induces pro-invasive cargoes in the circulatory EVs. Epithelial-mesenchymal 
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transition (EMT) has a crucial role in the initiation of metastatic dissemination due to 

promoting the loss of cell-cell adhesion, acquisition of invasive mesenchymal traits, and 

increased cell motility213. We hypothesize that circulatory EVs from tumor-bearing 

dysbiotic mice induce EMT signatures in tumor cells, thereby increasing metastatic 

dissemination. The hypothesis will be tested with the following experiments outlined 

below.  

 

Circulatory EVs will be isolated with ExoQuick and characterized based on the 

requirements provided by the International Society for Extracellular Vesicles (ISEV)214. 

Specifically, we will classify EVs by protein expression of CD81, CD63, and TSG101, but 

not Golgi-matrix protein GM130, using immunoblot. We will use Nanoparticle tracking 

analysis (NTA) instrument ZetaView to quantify EVs and cryo-electron microscopy to 

identify their morphology. EVs will be isolated from tumor-bearing non-dysbiotic or 

dysbiotic mice 12 days post HR+ tumor implantation. EVs will be normalized to particle 

concentration and added to tumor spheroid cultures. After 4 days of incubation, we will 

evaluate the EMT markers214, including measuring whether E-cadherin is downregulated 

and N-cadherin, vimentin, Slug and Snail are upregulated in tumor spheroids treated with 

dysbiosis-associated EVs. In addition to the in vitro assay, we will co-inject the circulatory 

EVs with HR+ tumor cells into the mammary fat pad of non-manipulated wild-type mice to 

test whether EVs from tumor-bearing dysbiotic mice enhance dissemination of tumors 

into the blood, to tumor-draining lymph nodes, and lungs. Both the luminal A-like 

BRPKp110 and luminal B-like PyMT breast tumor models will be included in the above 

experiments. If our hypothesis is true, we expect that circulatory EVs from tumor-bearing 
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dysbiotic animals will induce higher levels of EMT markers in the tumor spheroids and in 

vivo, in addition to increasing tumor dissemination in co-injection experiments as 

compared to tumors co-injected with EVs from non-dysbiotic controls. Follow-up studies 

will use untargeted transcriptomic and proteomic analysis to identify molecular 

mechanisms associated with enhanced EMT and tumor cell dissemination.  

 

If the EVs do not directly induce tumor cell invasion after co-injection, we will test whether 

circulatory EVs facilitate the formation of pro-metastatic niches through activation of pro-

invasive fibroblasts within tumor microenvironment. However, based upon our in vitro 

assays, we expect EVs from dysbiotic mice will have a direct effect in vivo. Interestingly, 

we have observed slightly increased protein levels of alpha-smooth muscle actin (SMA) 

in tumor lysates from dysbiotic mice as compared to that in tumors from non-dysbiotic 

mice. SMA is extensively expressed in cancer associated fibroblasts (CAFs) of multiple 

tumor types, including breast cancer. Importantly, SMAhi CAFs are positively associated 

with metastasis in breast cancer patients215. Because dysbiotic mice show increased 

protein levels of collagen and enhanced abundance of disseminated tumor cells in lungs, 

it raises the possibility that circulatory EVs in tumor-bearing dysbiotic mice could also 

induce fibroblast activation in lungs to facilitate the formation of a pro-metastatic 

environment. We will test the hypothesis that the circulatory EVs from dysbiotic mice 

induce pro-invasive fibroblasts using the following experiments. CD45-CD31-gp38+ 

fibroblasts sorted from the mammary tissues of wild-type female mice will be primed with 

circulatory EVs from tumor-bearing non-dysbiotic or dysbiotic mice. After 24 hours 

incubation, we will evaluate the expression of SMA, collagen I, and PDGFR-markers 
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that are observed to be increased in dysbiotic mice) in the EV-primed fibroblasts using 

flow cytometry. The invasive area in BRPKp110 spheroids cocultured with the EV-primed 

fibroblasts will also be measured to quantify the pro-invasive ability of the EV-primed 

fibroblasts. If circulatory EVs from dysbiotic mice induce higher pro-invasive activity in 

fibroblasts than circulatory EVs from non-dysbiotic mice in the in vitro assay, we will 

further test the pro-invasive activity in vivo by co-injecting BRPKp110 tumor cells and EV-

primed fibroblasts into the mammary fat pad and measuring tumor size and tumor 

dissemination as described above. We will intravenously inject the circulatory EVs 

isolated from tumor-bearing dysbiotic and non-dysbiotic mice into BRPKp110-bearing 

mice to investigate the protein levels of collagen I and the expression levels of SMA, 

collagen I, and PDGFR-in CD45-CD31-gp38+ fibroblasts from tumors, mammary tissues, 

lungs, and livers at 12- and 26-days post tumor implantation. The abundance of 

disseminated BRPKp110 in those organs will be quantified at the same time points. The 

luminal B-like breast tumor PyMT will be utilized to understand whether EV-driven 

fibroblast activation is a BRPKp110-specific phenomenon. Untargeted proteomics and 

transcriptomic assays will be used to define potential molecular mechanism(s) of the EV-

induced fibroblast activation at systemic sites and the subsequent tumor dissemination. 

One additional possibility, given the body of my thesis work, is that EVs can act on mast 

cells directly, which can be tested using in vitro co-culture with bone marrow-derived mast 

cells or normal mast cells with or without heparin. The goal would be to determine whether 

mast cells acquire phenotypic characteristics similar to those isolated from dysbiotic mice 

in the absence of heparin. This would implicate EVs isolated from dysbiotic mice have the 

potential to phenotypically program mast cells towards a pro-fibrogenic phenotype.  
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Together, the proposed experiments will allow us to investigate the following hypotheses: 

1) circulatory EVs in tumor-bearing dysbiotic mice directly induce tumor invasiveness 

through the initiation of EMT; 2) circulatory EVs in tumor-bearing dysbiotic mice stimulate 

pro-invasive fibroblasts at systemic sites to promote the egress of tumor cells from 

primary sites and recruitment of or survival of disseminated tumor cells at distal organs. 

Currently, identifying dysbiotic microbiome in patients is still challenging due to the lack 

of characterization of “normal-healthy microbiome”. Targeting pro-invasive EVs in blood 

biopsy from patients may be a more practical strategy for predicting and/or preventing 

metastasis.   
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Figure 3.4 Circulatory EVs from dysbiotic tumor-bearing mice induce invasion in 
mammary organoids and tumor spheroids. 

A Representative plot of the size and particle concentration of circulatory EVs isolated 
from blood of tumor-bearing non-dysbiotic and dysbiotic mice. The samples were 
analyzed using ZetaView. B and C Mammary organoids were established from mammary 
duct fragments of wild-type female C57BL/6 mice. Mammary organoids were incubated 
with circulatory EVs from the following donors: 1) non-tumor-bearing dysbiotic mice; 2) 
non-tumor-bearing dysbiotic mice; 3) BRPKp110-bearing non-dysbiotic mice; 4) 
BRPKp110-bearing dysbiotic mice. 5 g/ml of heparin or equal volume of water was 
added in the cultures to inhibit the uptake of EVs. Organoids (B) were imaged after 4-
days of incubation. Invasion (C) was determined by quantitating the numbers of spikes 
per m2 of organoid area. N=3 wells per condition. Scale bar = 400 m. D and E 
BRPkp110 spheroids were cultured with EVs from tumor-bearing non-dysbiotic or 
dysbiotic mice for 48 hrs. Representative images of tumor spheroids are in (D). Invasion 
of tumor spheroids were determined by measuring invasive area, which is total spheroid 
area minus sphere area. Scale bar = 1 mm. F and G Protein levels of SMA in tumor 
lysates from non-dysbiotic and dysbiotic mice were evaluated by immunoblot (F). ImageJ 
was utilized to quantify the blots. The expression levels of SMA were normalized to the 
levels of each loading-control GAPDH (G). N=5 mice per group. Each symbol represents 
an experimental replicate. Statistical significance was determined by two-tailed Mann-
Whitney U test. 
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3.5 Determine the role of mammary tissue mast cells in changing the stromal 

environment of aged mice.  

HR+ breast cancer is considered a disease related to aging. The median age for the 

diagnosis of HR+ breast cancer is 61 years, and approximately 10% of the patients are 

older than 80 years1, 216. These statistics highlight the importance of understanding the 

tissue microenvironment in aged subjects. Compared to young animals, aged mice have 

elevated inflammation in the mammary tissue microenvironment that may facilitate the 

proliferation and metastatic behavior of tumor cells217-219. Recently, single-cell 

sequencing results of mammary tissues from aged mice and young mice revealed that 

aged mice have an altered stromal and immunological environment in the mammary 

tissue. Utilizing flow cytometry, Li et al. further found reduced numbers of fibroblasts, 

increased numbers of endothelial cells, and enhanced numbers of CXCL2- and PD-L1- 

expressing macrophages44. Notably, it is well known that pro-inflammatory microbes are 

enriched in the gut of aged animals and humans. However, little remains known about 

how the aged commensal microbiome affects cancer outcomes or influences the 

mammary tissue microenvironment.  

 

In aged animals, an increased abundance of mast cells has been observed in the 

mesenteric lymphatic vessels220 and skin221. Interestingly, aged human skin has an 

increased proximity of mast cells adjacent to macrophages221, suggesting that the 

interaction between mast cells and macrophages enhances inflammation in the aged 

tissue microenvironment. With our antibiotics-induced dysbiotic animal model, we found 

that the mammary tissue mast cells from dysbiotic mice express PDGF-B and IL-13, 
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raising the possibility that these mast cells can influence both stromal and immunological 

compartments. This was further validated in experiments where mast cell degranulation 

was inhibited resulting in a subsequent reduction in tumor-associated macrophages only 

in tissues of dysbiotic mice. Thus, we hypothesize that mammary tissue mast cells could 

also orchestrate stromal and immune changes in the mammary tissue microenvironment 

in response to ageing and an aged microbiome. We will test this hypothesis with the 

following experiments.   

 

We will use untargeted proteomics approach to identify the changes in mast cells 

(CD45+cKit+FcRI+), fibroblasts (CD45-CD31-gp38+), endothelial cells (CD45-CD31+), 

and macrophages (CD45+CD11b+F4/80+) sorted out from mammary tissues of young (3-

4 months-old) or aged (13-14 months-old) female mice. Particularly, we will focus on the 

signatures of fibroblasts, endothelial cells, and macrophages that are identified by Li et 

al..44 (Table 3.1).  

Fibroblast Endothelial cell Macrophage 
Stress Extracellular 

matrix 
Cytokine Cell-cell 

junction 
Cytokine Immune 

suppression 
Hspa1a (↑) Col5a3 (↓)  Csf3 (↑) Ctnnb1 (↓) Ccl5 (↑) Pdl1 (↑) 
Sqstm1 (↑) Col6a3 (↓) Cxcl1 (↑) Jup (↓) Cxcl2 (↑) Ilt3 (↑) 

Ubc (↑) Fn1 (↓) Cxcl16 (↑) Pvrl2 (↓) Gdf15 (↑)  
Cebpb (↑) Mmp23 (↓) Il6 (↑) Cldn5 (↓)   

 

Table 3.1. The gene signatures of fibroblast, endothelial cell, and macrophage in aged 
mammary tissues. (↑): increased in aged mammary tissues; (↓): reduced in aged 
mammary tissues.  
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To test whether an aged commensal microbiome affects the mammary tissue 

microenvironment, we will use fecal microbiota transplantation (FMT) to test the 

sufficiency of an aged microbiome to attenuate the phenotype and function of mast cells, 

fibroblasts, endothelial cells, and macrophages in the mammary tissue environment of 

young wild-type or mast cell-deficient mice (Wild-type mice: C57BL/6 mice, mast cell-

deficient mice: Kitw-sh/w-sh mice). The experimental scheme is depicted in the following 

figure 3.5.1. Briefly, the microbiome of C57BL/6 mice and Kitw-sh/w-sh mice will be 

eliminated by gavaging recipient mice with a cocktail of broad-spectrum antibiotics for 7 

days. Immediately after the cessation of antibiotics, mice will be orally gavaged with cecal 

slurries isolated from young (3-4 months-old) or aged (13-14 months-old) female C57BL/6 

mice for 3 consecutive days. Mice will then rest for 7 days to allow the engraftment of the 

transferred commensal microbes. Because female mice do not go through a significant 

decline in basal estrogen levels that resembles human menopause222, the estrus cycle 

will be synchronized by a modified Whitten effect prior to the samples collection to 

eliminate the hormone-mediated variations. As an alternative approach, mice will be 

ovariectomized prior to implantation of the microbiome. The phenotype and functional 

changes to mast cells, fibroblasts, endothelial cells, and macrophages in the mammary 

tissues will be evaluated using immunoblot on sorted subpopulations and/or flow 

cytometry as described in previous sections. If the aged commensal microbiome 

influences the stromal and immunological environment in the mammary tissue, we expect 

that the aging-related signatures will be increased in the C57BL/6 mice with aged 

commensal microbiome when compared to the C57BL/6 mice receiving a young 

commensal microbiome. Using Kitw-sh/w-sh mice, we will be able to determine whether the 
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microbiome associated effects observed in WT mice are facilitated via mast cells or 

directly on macrophages, fibroblasts, etc. 
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Figure 3.5.1 Experimental scheme of investigating the role of mast cell in aged 
microbiome-induced changes in mammary tissue-associated macrophages and 
fibroblasts.  

We will reconstitute young or aged microbiome in WT or mast cell-deficient Sash mice 
using FMT. The phenotypes of stromal cells and immune cells in the mammary tissue will 
be investigated 7 days post microbiome transplantation. 
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If we observe significant changes to stromal cells in wild type mice but not mast cell 

deficient mice, we will hypothesize that an aged microbiome is acting directly on mast 

cells that then subsequently activate fibroblasts, macrophages or endothelial cells within 

the tissue environment. To test this, we will orthotopically transfer equal numbers of 

mammary tissue mast cell sorted from wild type mice receiving a young (3-4 months-old) 

or aged (13-14 months-old) microbiome into young mast cell deficient Kitw-sh/w-sh mice 

(Figure 3.5.2). A modified Whitten effect will be applied to synchronize the estrus cycle 

before the sample collection. The expression of aging-related signatures in mast cells, 

fibroblasts, endothelial cells, and macrophages from the mammary tissue that were 

identified in the aforementioned experiments will be measured from each subset 7 days 

after mast cell transfer. If mammary tissue mast cells from mice receiving an aged 

microbiome are sufficient to induce the aging-related signatures, a follow-up study would 

investigate which mast cell-derived mediators may skew the tissue microenvironment and 

we would also perform metagenomic sequencing and metabolomics on the microbiome 

to define which attributes of an aged microbiome contribute to changes in mast cell 

phenotype.  

 

Finally, we will repeat these experiments in tumor-bearing animals, to determine how an 

aged microbiome affects breast tumor growth or metastasis. Because these experiments 

are proposed based solely on my interest in aging, fibrosis, and the microbiome, and that 

we do not have sufficient preliminary data to make meaningful conclusions or predictions 

on the experimental outcomes, our expectations are not as clearly defined. However, 

based upon what is known in the literature, I would predict that if an aging microbiome 
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significantly affects mast cells, having this knowledge in hand could pave the way towards 

engineering therapies to reverse the aging-related phenotypic changes in tissue-

associated mast cells. This could be done through modulation of the gut microbiome or 

through targeting of mast cells using the functional readouts gained from these 

experiments.  
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Figure 3.5.2 Experimental scheme of investigating the influence of young or aged 
microbiome-induced mast cells on the mammary tissue microenvironment. 

We will sort the mammary tissue mast cells from WT mice reconstituted with young or 
aged microbiome. These sorted mast cells will be orthotopically transferred into the 
mammary fat pad of Sash mice. We will investigate the phenotypes of stromal cells and 
immune cells in the mammary tissues of the Sash mice 7 days post mast cell transfer. 
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Chapter 4: Concluding Remarks  

 

The gut microbiome has recently become a focus in breast cancer research following the 

discovery of commensal microorganisms capable of metabolizing estrogens39, 42, 223-226 

and subsequent epidemiologic studies associating frequent antibiotic use with increased 

breast cancer incidence227, 228. Gut microbiome sequencing from patients diagnosed with 

HR+ breast cancer revealed that patient microbiomes were unbalanced and dysbiotic 

compared to those of healthy individuals229. However, these studies did not demonstrate 

causation between having an unbalanced microbiome and breast cancer risk. One of the 

first studies to establish that an inflammatory gut microbiome directly influenced breast 

cancer incidence utilized APCMin/+ mice infected with H. hepaticus to induce dysbiosis. 

Compared to uninfected controls, H. hepaticus infection increased mammary tumor 

formation230. Subsequent investigation into the association between the commensal 

microbiome and breast cancer identified associations with antibiotics usage and breast 

tumor growth160, and the effects of enterotoxigenic Bacteroides fragilis on growth and 

metastasis of triple negative breast tumors231.  

 

Using a novel murine model of HR+ breast cancer150-153, 186, we showed that establishing 

commensal dysbiosis (an inflammatory gut microbiome with low biodiversity) prior to 

tumor initiation elevated mammary tissue levels of CCL2, PGE2, macrophages, and 

fibrosis, all of which have been shown to correlate with poor disease outcome in patients. 

Importantly, while primary tumor growth remained unchanged following the establishment 

of commensal dysbiosis, metastatic dissemination of HR+ tumors was significantly 

enhanced under these conditions153. Ours was the first to identify gut dysbiosis as a host-
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intrinsic mediator of breast tumor metastasis. In patients, increased age, poor diet, and 

certain genetic polymorphisms, all of which induce commensal dysbiosis, associate with 

increased risk of metastatic breast cancer232-238. Additionally, recent sequencing of the 

gut microbiome from treatment-naïve patients diagnosed with early HR+ breast cancer 

demonstrated that an inflammatory gut microbiome associated with tumor 

aggressiveness, poor prognosis, and diminished therapy response154. These studies 

provide a clinical basis in support of our findings that gut commensal dysbiosis enhances 

HR+ breast tumor metastasis.  

 

Previous studies have primarily focused upon associating a diseased (tumor-affected239) 

microbiome with breast cancer outcomes, evaluating non-HR+ breast tumor subtypes, 

and interrogating how differences in the gut microbiome affect primary tumor growth. It is 

not currently known if and how a non-cancer-affected gut microbiome can impact long-

term risk of metastatic HR+ breast cancer. By using our tractable model of antibiotics-

induced dysbiosis153, we have accumulated multiple pieces of data indicating that 

commensal dysbiosis culminates in CCL2-induced inflammation in normal mammary 

tissues, leading to accumulation of pro-fibrogenic mast cells, activation of tissue 

fibroblasts, and enhanced metastatic dissemination.  

 

The role of mast cells in breast cancer has remained controversial172, partially due to the 

fact that the majority of prior studies investigated tumor-associated mast cells. In some 

cases, a positive association between mast cells and outcome was seen173, 175 whereas 

other studies associated mast cells with poor prognosis134, 176-178. However, the role of 
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mammary tissue-resident mast cells in promoting breast cancer metastasis is completely 

unknown. To our knowledge, ours is the first study to define how the gut microbiome 

distally programs mast cells within the normal and benign-adjacent mammary tissue to 

promote breast tumor dissemination. We tested the novel hypothesis that mammary 

tissue mast cells act upstream of tumor-associated macrophages and fibroblasts to 

enhance collagen remodeling of the mammary tissue, leading to increased metastasis. 

Mast cells are evolutionarily conserved innate immune cells, highly attuned to the 

environment of the organs they reside in. Our data indicates that mast cells are one of 

the only mammary tissue leukocytes changed in response to dysbiosis, further supporting 

a model whereby mast cells are reprogrammed by the gut microbiome, possibly CCL2, 

and orchestrate metastatic dissemination of HR+ tumor cells via PDGF signaling and 

subsequent activation of tissue fibroblasts.  

 

Emerging evidence demonstrated that fibroblasts in human breast cancer are highly 

heterogenous240. Using single-cell analysis, Kieffer et al. further identified one subtype of 

cancer-associated fibroblast links to the induction of Treg and immunotherapy 

resistance171. Interestingly, mast cells are also involved in the failure of PD-1 therapy179. 

Our preliminary data also suggest the increased IL-13 in mast cells may induce pro-tumor 

M2 macrophage polarization. Collectively, our findings provide novel insights into how the 

gut microbiome shapes the mammary tissue microenvironment to favor metastatic breast 

cancer. Based on these discoveries, I suspect that in depth understanding of the 

interplays between gut microbiome and mast cells in the mammary tissues will pave a 
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way toward developing novel the therapeutic strategies with ultimate goal of reducing 

metastasis in HR+ breast cancer.  

 

Mechanistically, we demonstrate that blockade of CCL2 prior to tumor initiation is 

sufficient to reduce mast cell accumulation in the mammary tissue and to diminish 

dysbiosis-induced dissemination of HR+ tumor cells241. Although CCL2 is a well-known 

driver of breast tumor growth189 and metastasis161, tumor-independent triggers of CCL2 

have not been investigated. Supporting the idea that CCL2 contributes to tissue fibrosis 

in the absence of tumors, Sun et al. demonstrated that overexpression of CCL2 in the 

pre-malignant mammary epithelium not only increased mammary tissue density, but also 

susceptibility to carcinogen-induced breast cancer190. However, the systemic trigger for 

mammary tissue CCL2 and the cell populations producing CCL2 in the mammary tissue 

remain undefined. Future studies will address these gaps in knowledge in an effort to 

clarify the novel tumor-independent role for CCL2 in the promotion of metastatic breast 

cancer. 

 

In summary, this project established that gut commensal dysbiosis is a distal trigger that 

changes the cellular and molecular composition of normal non-tumor-bearing mammary 

tissue, increasing the long-term risk of metastatic HR+ breast cancer. These studies have 

paved the groundwork for repurposing clinically available drugs or drug combinations to 

target tissue CCL2, mast cell degranulation, and/or PDGF as interventions capable of 

preventing metastatic HR+ breast cancer through restoration of tissue homeostasis. In the 

long-term, defining the mast cell-associated or gut microbial and/or diffusible metabolic 
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triggers of mammary tissue CCL2 could unveil a novel gut-associated molecular pathway 

that promotes HR+ tumor dissemination and metastatic growth. 
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Chapter 5: Materials and Methods 

 

5.1 Mice  

5-8-week-old female C57BL/6 mice were purchased from Charles River Laboratories. 

B6.Cg-KitW-sh/HNihrJaeBsmJ (Kitw-sh/w-sh ; Sash)242-244 mice were purchased from The 

Jackson Laboratory and maintained in-house at the University of Virginia. All animals 

were maintained in specific-pathogen-free barrier conditions. All experiments in this study 

were approved by the University of Virginia Institutional Animal Care and Use Committee.  

 

5.2 Tumor implantation   

The poorly metastatic HR+ mouse mammary cancer cell line BRPKp110 has been 

described previously150. 5E5 BRPKp110 cells were injected orthotopically into the 

abdominal mammary fat pad. The highly metastatic mouse luciferase-expressing 

mammary cancer cell line PyMT was cloned from a metastatic tumor derived from the 

HR+ MMTV-PyMT model as previously described164. In experiments using this cell line, 

1E5 PyMT cells were injected orthotopically into the abdominal mammary fat pad. Cell 

lines were authenticated by maintaining at less than four passages, monitoring of 

morphology, and testing for mycoplasma.  

 

5.3 Antibiotics administration 

Commensal dysbiosis was initiated in mice by orally gavaging mice daily for 14 days with 

100 l of an antibiotic cocktail containing vancomycin (0.5 mg/ml, Gold Biotechnology), 
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ampicillin (1 mg/ml) metronidazole (1 mg/ml), neomycin (1 mg/ml), and gentamicin (1 

mg/ml) – all from Sigma Aldrich, as previously reported153. Vehicle-treated mice received 

100 l of water. Mice were then left untreated for 4 days to allow the establishment of 

commensal dysbiosis before tumor implantation.  

 

Fecal microbiota transplantation (FMT) experiments were performed as previously 

described153. Briefly, dysbiosis was induced in donor mice as described above. Cecal 

contents from dysbiotic and non-dysbiotic vehicle-treated (water) animals were collected, 

homogenized, and frozen at -80°C in sterile 1:1 glycerol/PBS. Recipient mice were then 

orally gavaged with the antibiotic cocktail used for inducing dysbiosis for 7 days, followed 

by 3 or 4 consecutive days of oral gavage with 200 l of either dysbiotic or non-dysbiotic 

cecal contents. After the final day of gavage, recipient mice were rested for 7 days before 

tumor initiation to allow for microbial engraftment. 

 

5.4 Treatment with mast cell stabilizers and anti-CCL2 antibody 

Mast cell stabilizers ketotifen (Sigma-Aldrich) and cromolyn (Alfa Aesar) solution were 

freshly prepared prior to each treatment by diluting in sterile water followed by passage 

through a 0.22 μM syringe filter. Mice were orally gavaged with 100 μl of ketotifen (10 

mg/kg) or 100 μl of water daily beginning 1-day post tumor implantation, and continuing 

until day 5 post tumor. In the experiments using cromolyn, mice were intraperitoneally 

injected with 100 μl of cromolyn (10mg/kg) or 100 μl of PBS once per day from 3-days 

prior to until 12-days post tumor initiation. 
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To the role of CCL2/CCR2 axis in the accumulation of mammary tissue mast cells in the 

dysbiotic mice, mice were intraperitoneally injected with four doses of 200 μg of anti-

mouse CCL2 (Bio X Cell) monoclonal antibody or 200 μg of the isotype matched control 

IgG (Bio X Cell) in 100 μl of PBS once per day at 8-day, 6-day, 4-day, and 2-day prior to 

the implantation of breast tumor cells.  

 

5.5 Flow cytometry  

Mammary tissues, tumors, and tumor draining lymph nodes were collected, weighed, 

homogenized, and digested with collagenase type I (Gibco) for 30 minutes at 37C prior 

to filtration using a 70 m strainer. All the samples were stained with Zombie Aqua 

(BioLegend) and Fc receptor blocker anti-CD16/32 for differentiating live cells and 

inhibiting non-specific binding, respectively. Fibroblasts were identified by surface 

staining with anti-mouse CD45-PE-Cy7 (30-F11), CD31-PerCP-Cy5.5 (390), gp38-APC-

Cy7 (8.1.1), and PDGFR--BV605 (APA5) and intracellular staining with anti-mouse 

smooth muscle actin (SMA)-AF647 (SPM32) and type I collagen-AF488 (1310-30). Mast 

cells and basophils were identified by surface staining with anti-mouse CD45-APC-Fire 

(30-F11), Lineage cocktail-Biotin (145-2C11; RB6-8C5; RA3-6B2; Ter-119; M1/70), 

CD49b-FITC (HMa2), cKit-BV650 (ACK2), FcRI -Biotin (MAR_1), CCR2-AF647 

(SA203G11), CXCR4-PE/Dazzle (L276F12), CXCR3-PerCP-Cy5.5 (S18001A), 

Streptavidin-PerCP-Cy5.5, Streptavidin-PE-Cy7, and intracellular staining with anti-

mouse PDGFB-AF488 (F-3). Myeloid cell infiltration was identified by surface staining 

with anti-mouse CD45-APC (30-F11), CD11b-PE-Cy7 (M1/70), Ly6C-APC-Cy7 (HK1.4), 



132 
 

Ly6G-FITC (1A8), F4/80-PerCP-Cy5.5 (BM8), CD206-PE/Dazzle (C068C2), CD86-

BV650 (GL-1). T cells, NK cells, and NKT cells were detected by surface staining with 

anti-mouse CD45-PE (30-F11), CD3-FITC (17A2), CD4-PE-Cy7 (GK1.5), CD8-APC-Cy7 

(53-6.7), and NK1.1 (PK136).  

 

Tumor cell dissemination was quantitated using single-cell suspensions from lungs and 

tumor-draining lymph nodes through surface staining with anti-mouse CD45 (30-F11, 

APC) and intracellular staining with anti-GFP (B-2, PE) or anti-luciferase (C-12, PE). 

Circulating tumor cells from the blood were isolated and quantitated as previously 

described153, 245. Briefly, equal volumes of EDTA-treated blood underwent red blood cell 

lysis, were plated into 6-well culture dishes, and incubated for 7 days. Cells were 

detached and stained as described for quantitation of disseminated tumor cells. 

 

All antibodies were purchased from BioLegend with the exception of anti-SMA (Novus 

Biologicals), anti-type I collagen (SouthernBiotech), anti-GFP (Santa Cruz) and anti-

luciferase (Santa Cruz). Counting beads (AccuCount, Spherotech) were added into 

samples prior to acquisition on the flow cytometer. All antibodies and counting beads were 

added into samples at the manufacturer’s recommended concentration. Samples were 

run on an Attune NxT flow cytometer (Thermo Fisher Scientific) and analyzed with FlowJo 

software. Absolute numbers were quantitated per the manufacturer’s instructions. 
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5.6 In vitro co-culture with mammary tissue mast cells and fibroblasts  

CD45+ cKit+ FcRI+ mast cells were sorted from mammary tissues from non-dysbiotic or 

dysbiotic C57BL/6 mice using a BD FACSAria Fusion flow sorter (Flow Cytometry Core 

Facility, University of Virginia). The sorted mast cells were then co-cultured with NIH-3T3 

fibroblasts (Mast cell: NIH-3T3 fibroblast = 1:20) for 24 hours in serum-free DMEM at 37C, 

5% CO2. To test the role of PDGF signaling, the tyrosine kinase inhibitor imatinib was 

added to the fibroblast-mast cell co-cultures. Specifically, fibroblasts were pretreated with 

0.1 g/ml of imatinib for 20 minutes, followed by incubation with mast cells (Mast cell: 

NIH-3T3 fibroblast = 1:20) and 0.1 g/ml of imatinib in serum-free DMEM at 37C, 5% CO2 

for 24 hours. At the end of incubations, the phenotype of NIH-3T3 fibroblasts was 

analyzed by surface staining of anti-mouse CD45-PE, PDGFR--BV605, and intracellular 

staining with SMA-AF647, and collagen I-AF488.  

 

5.7 Mast cell transfer  

Mast cells (CD45+ cKit+ FcRI+ cells) were sorted from mammary tissues of non-

dysbiotic or dysbiotic C57BL/6 mice as described above. Equal numbers of mammary 

tissue mast cells were reconstituted in 100 l of PBS and orthotopically transferred to the 

mammary tissues (approximately ~300 mast cells/mammary tissue were injected for each 

experiment) of Kitw-sh/w-sh (Sash) mice. Eighteen hours after the transfer of sorted mast 

cells, 5E5 BRPKp110 tumor cells were injected into the same mammary fat pad of Kitw-

sh/w-sh (Sash) recipient mice.  



134 
 

5.8 Immunoblot 

Mammary tissues and tumors were snap-frozen in liquid nitrogen and homogenized and 

sonicated in ice cold RIPA buffer (Thermo Fisher Scientific) supplemented with proteinase 

inhibitors (Thermo Fisher Scientific), per manufacturer instructions. Equal amounts of 

protein (5-10 g/lane) were loaded into precast gels (Thermo Fisher Scientific) and 

transferred onto PVDF membranes. Membranes were blocked with 1X PBS- 0.1% Tween 

(PBST) containing 5% non-fat dry milk, and probed with primary antibodies overnight at 

4°C followed by incubation with horseradish peroxidase (HRP)-linked secondary 

antibodies. Membranes were imaged using ChemiDoc Imaging System (Bio-Rad). 

Antibodies used were: anti-mast cell tryptase antibody (EPR9522, Abcam), anti-collagen 

I antibody (ab34710, Abcam), goat-anti rabbit IgG H&L (HRP) (Abcam), anti-PDGF-B (F-

3, Santa Cruz), anti-GAPDH antibody (6C5, Santa Cruz), and mouse-IgG-HRP (Santa 

Cruz). The immunoblots were quantified using ImageJ software. 

 

5.9 Histology and microscopy  

Tissues were fixed in neutral-buffered formalin, paraffin-embedded, and cut in 5 m 

sections (Research Histology Core, University of Virginia. A second cohort of tissue 

samples were obtained from the Barts Cancer Institute Breast Cancer Now Tissue Bank 

(Tissue Request TR241). Samples were stratified into two groups: No recurrence (n=18) 

and Recurrence (to distant sites - bone, lung, liver) (n=23). For detecting mast cells, slides 

were stained using 0.1% toluidine blue solution (pH 2.0-2.5). To investigate collagen 

deposition, slides were stained using PicroSirius Red (0.1% Direct Red 80 in saturated 
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aqueous picric acid, Sigma-Aldrich). Collagen deposition was quantified using ImageJ 

software by calculating the stained area per section. The total numbers of mammary 

tissue mast cells were normalized to the area of mammary tissues. The slides were 

imaged with a Slide Scanner (Leica) or a NanoZoomer S210 slide scanner (Hamamatsu).  

 

5.10 Transcriptome analysis of human samples 

Normal breast tissues from women either prior to their BC diagnosis (susceptible normal, 

15) or age-matched healthy women were obtained from the Susan G. Komen Tissue Bank 

at Indiana University Simon Comprehensive Cancer Center (Table 5.1). Subjects were 

recruited under a protocol approved by the Indiana University Institutional Review Board 

(IRB protocol number 1011003097 and 1607623663). Total RNA was extracted from 

fresh frozen breast tissues using 3 mm zirconium beads (Benchmark Scientific, cat.# 

D1032-30) and the AllPrep DNA/RNA/miRNA kit (Qiagen) as previously described246. 

Then, a cDNA library was prepared using the TruSeq Stranded Total RNA Kit (Illumina, 

San Diego, CA) and sequenced using Illumina HiSeq4000. Reads were adapter trimmed 

and quality filtered using Trimmomatic ver. 0.38247 setting the cutoff threshold for average 

base quality score at 20 over a window of 3 bases. Reads shorter than 20 bases post-

trimming were excluded (parameters: LEADING:20 TRAILING:20 

SLIDINGWINDOW:3:20 MINLEN:20). Cleaned reads mapped to Human genome 

reference sequence GRCh38.p12 with gencode v.28 annotation, using STAR version 

STAR_2.5.2b248. (parameters: --outFilterMultimapNmax 20 --seedSearchStartLmax 16 -

-twopassMode Basic). Gene expression was quantified by counting the number of reads 
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mapped to the exonic regions of the genes using featureCounts tool ver. 2.0.0 of subread 

package (parameters: -s 2 -p -B -C). Differential Expression Analysis was performed 

using DESeq2 ver. 1.12.3. The pvalues for genes indicating the probabilities of no 

differential expression across the sample groups were corrected for multiple testing using 

Benjamini-Hochberg method.  

 

5.11 Availability of data and materials  

The dataset including transcriptome profiling of susceptible breast samples and age-

matched healthy controls is available in GEO (accession number GSE166044, 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE166044). 
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Table 5.1: Demographics of the women who donated either healthy or susceptible breast. Samples were analyzed 
through transcriptome profiling. 
Group Barcode Age BMI Tyrer-

Cuzick 
Lifetim
e 
score 

Racial 
Background 

Hispanic Age at 
menarche 

Menopausal 
Status 

Genetic 
mutatio
n on 
either 
BRCA1 
or 
BRCA2  

Ever 
Pregnant 

Breast 
Feed 

HC K107036 35 34.4 13.8 AFRNAMER No 12 Pre-
menopausal 

No Yes Yes 

HC K107548 43 25.1 11.3 WHITE No 12 Pre-
menopausal 

No Yes Yes 

HC K107280 52 30.5 7.3 WHITE No 11 Uterine 
Ablation 

No Yes Yes 

HC K107296 60 31.5 7.2 WHITE No 12 Post-
menopausal 

No Yes Yes 

HC K107598 30 23.3 20.6 WHITE No 13 Pre-
menopausal 

No Yes Yes 

HC K107913 55 29.9 N/A WHITE No 13 Post-
menopausal 

No Yes Yes 

HC K108003 39 24.3 N/A WHITE No 12 Pre-
menopausal 

No Yes Yes 

HC K108052 47 24.9 N/A WHITE No 16 Pre-
menopausal 

No Yes Yes 

HC K108157 61 39.7 N/A WHITE No 13 Post-
menopausal 

No Yes Yes 

HC K108429 55 25 N/A WHITE No 11 Post-
menopausal 

No Yes Yes 

HC K106839 59 26.1 N/A WHITE No 13 Post-
menopausal 

No Yes Yes 

HC K107013 42 30.1 8.4 WHITE No 12 Post-
menopausal 

No Yes Yes 

HC K107069 44 27.8 24.5 WHITE No 13 Pre-
menopausal 

No Yes Yes 

HC K106939 46 30.7 N/A WHITE,NATHA
WPI 

No 13 Pre-
menopausal 

No Yes Yes 

HC K107235 44 22.8 13 ~~OTHRACE No 13 Pre-
menopausal 

No Yes Yes 
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Susceptible K107912 60 20.7 5.9 WHITE No 13 Post-
menopausal 

No No None 

Susceptible K107237 64 24.4 13 WHITE No 11 Post-
menopausal 

No Yes No 

Susceptible K107273 66 25.7 11.5 WHITE No 11 Post-
menopausal 

No Yes Yes 

Susceptible K107138 46 32.3 18.4 WHITE No 16 Pre-
menopausal 

No Yes Yes 

Susceptible K107616 57 20.1 32.9 WHITE No 11 Post-
menopausal 

No Yes Yes 

Susceptible K107977 68 28.3 3 WHITE No 15 Post-
menopausal 

No Yes No 

Susceptible K108358 64 33.4 8.6 WHITE No 14 Post-
menopausal 

No Yes Yes 

Susceptible K105316 60 44.8 4.2 WHITE No 15 Post-
menopausal 

N/A Yes N/A 

Susceptible K104430 62 29.8 7.2 WHITE No 16 Post-
menopausal 

No Yes Yes 

Susceptible K104589 32 20.5 N/A WHITE No 14 Pre-
menopausal 

No No N/A 

Susceptible K104653 51 31.9 N/A WHITE No 14 Post-
menopausal 

No Yes Yes 

Susceptible K104728 68 26.1 N/A WHITE No 13 Post-
menopausal 

No Yes Yes 

Susceptible K105140 53 37.6 10.4 WHITE No 13 Post-
menopausal 

N/A Yes Yes 

Susceptible K106357 58 45.7 7.7 WHITE No 12 Post-
menopausal 

N/A Yes Yes 

Susceptible K106859 47 31.6 10.3 WHITE No 13 Pre-
menopausal 

No Yes No 
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5.12 16S microbiome sequencing 

Sequencing was performed by the University of Maryland Institute for Genome Science.  

Sequences were demultiplexed using the mapping file split_libraries_fastq.py, a QIIME-

dependent script. Fastq files were split by using seqtk (https://github.com/lh3/seqtk), 

primer sequences removed using TagCleaner (0.16), followed  by downstream 

processing using DADA2 Workflow for Big Data and dada2 (v. 1.5.2) 

(https://benjjneb.github.io/dada2/bigdata.html). Forward and reverse reads were trimmed 

using lengths of 255 and 225 bp, respectively, to contain no ambiguous bases, have a 

minimum quality score of 2, and contain less than two expected errors based on quality 

score. Reads were assembled and chimeras removed per dada2 protocol. 

Taxonomic assignments  

Taxonomy was assigned to each amplicon sequence variant (ASV) generated by dada2 

using a combination of the SILVA v128 database and the RDP naïve Bayesian classifier 

as implemented in the dada2 R package species level assignments. Read counts for 

ASVs assigned to the same taxonomy were summed for each sample.  

Diversity Analysis 

Alpha diversity of microbiome samples was measured using Shannon alpha diversity 

measure. Beta diversity of microbiome sequences was assessed using Bray-Curtis 

dissimilarity measures based upon relative abundance data. 

5.13 Real-time PCR analysis of sorted mast cells 

Total RNA was extracted from mast cells sorted from adjacent mammary tissues or day 

6 tumors using an RNeasy Micro Kit (Qiagen) followed by reverse transcription using 
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High-Capacity cDNA Reverse Transcription Kits (Thermo Fisher). For amplicon detection, 

the Power SYBR® Green PCR Master Mix (Thermo Fisher) was used as described by 

the manufacturer. RT-PCR was performed in a QuantStudio 6 Real-Time PCR Systems 

(Thermo Fisher) as follows: initial denaturation at 95°C for 10 mins; amplification for 35 

cycles of denaturation (95°C for 1 mins), annealing (55°C for 2 mins), and extension (72°C 

for 3 mins). Specificity of the amplicon was determined by melting curve. The relative 

levels of mRNA were determined by comparative CT method and normalized by 

housekeeping genes GAPDH and -actin RNA.  

The following primers were used:  

Pdgfa: Forward primer 5’- GTGCGACCTCCAACCTGA-3’ and reverse primer 5’- 
GGCTCATCTCACCTCACATCT 

Pdgfb: Forward primer 5’- CGGCCTGTGACTAGAAGTCC-3’ and reverse primer 5’- 
GAGCTTGAGGCGTCTTGG-3’ 

Tgf-1 forward primer 5’- TGGAGCAACATGTGGAACTC-3’ and reverse primer 5’- 
CAGCAGCCAATTACCAAG-3’ 

Cpa3 forward primer 5’- ATCGCAGGCACGCACAGTTAT-3’ and reverse primer 5’- 
AACCCAGTCTAAGGAAGAGCC-3’  

Mcpt4 forward primer 5’- ACCACTGAGAGAGGGTTCACAGC-3’ and reverse primer 5’- 
GAAGACTCTGATGCACGCAGG-3’  

Mcpt5 forward primer 5’- CTGAGAACTACCTGTCGGCCTGC-3’ and reverse primer 5’- 
TCCAGTTCCAGATTTCCTCACGG-3’  

Mcpt2 forward primer 5’- CCACTAAGAACGGTTCGAAGGAG-3’ and revere primer 5’- 
GCTGGGATGAACTCAGAGGTACC-3’  

-actin forward primer 5’- GTGGGCCGCTCTAGGCACCAA-3’ and reverse primer 5’- 
CTCTTTGATGTCACGCACGATTTC-3’  

Gapdh forward primer 5’- CATCACTGCCACCCAGAAGACTG-3’ and reverse primer 5’- 
ATGCCAGTGAGCTTCCCGTTCAG-3’ 
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5.14 In vitro culture of circulatory extracellular vesicles (EVs) with mammary 

organoid and BRPKp110 tumor spheroids 

Circulatory EVs in peripheral blood from experimental mice were isolated with ExoQuick 

(SBI) as per manufacturer's instructions. The size and the concentration of circulatory 

EVs are analyzed with a Nanoparticle tracking analysis (NTA) instrument ZetaView. 

Mammary organoids were established from 6–8-week-old female mice with the method 

established by Dr. Andrew Ewald (Ewald Cold Spring Harbor Protocol. 

https://pubmed.ncbi.nlm.nih.gov/23378653/). BRPKp110 tumor spheroids were 

established using hanging-drop method (Lin Biotech J 2008 

https://pubmed.ncbi.nlm.nih.gov/18566957/). Mammary organoids or tumor spheroids 

were mixed with Matrigel before platting followed by culturing in complete RPMI at 37°C, 

5% CO2. EVs were normalized to particle concentration before adding into the cultures. 

 

5.15 Statistical analysis  

Statistical analysis was performed using Prism software (GraphPad). Statistical 

difference between data sets was evaluated using two-tailed Mann-Whitney U test or 

unpaired t-test as indicated in the figure legends. Correlation analysis was performed 

using linear regression.  

 

Gene Set Enrichment Analysis (GSEA) software version 4.1.0 (Broad Institute)249 was 

applied for the RNA-seq data from healthy and susceptible human donors. The gene 
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signatures of mast cells170 and cancer-associated fibroblasts171 subsets are listed in Table 

M2. PDGF-B was also included in the analysis of mast cell signatures. The following 

options were selected in the software: numbers of permutations: 1000; chip platform: 

Human_ENSEMBL_Gene_ID_MSigDB.V7.4.chip; permutation type: gene_set. The 

results from GSEA are evaluated based on the enrichment scores (ES), which represents 

the gene set is overrepresented at the top or bottom of a ranked list of genes of interested. 

The normalized enrichment score (NES) represents the enrichment score that has been 

normalized to the size of gene sets. The false discovery rate (FDR q-value) represents 

the estimated probability of a false positive finding. The familywise-error rate (FWER p-

value) stands for a probability that the NES represents a false positive finding.  

P-values <0.05 were considered significant.   
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Table 5.2 Gene signatures of mast cells and ecm-MyCAF 

Mast cell  
(Adjusted from Motakis et al., Blood 2014) 

ecm-MyCAF (Kieffer et al., Cancer Discovery 2020) 

KIT AEBP1 FN1 SDC1 FNDC1 

IL1RL1 ANXA2 CCN1 ACTN1 CTHRC1 

FCER1G BGN ITGB1 CTSB COL2A1 

MS4A2 BMP1 ITGB5 PPIB COL11A2 

ENPP3 SERPINH1 LOX ASPN MDK 

HDC COL1A1 LOXL1 P3H1 ACTB 

CMA1 COL1A2 LOXL2 P4HA3 MYLK 

CPA3 COL3A1 LUM ACTG1 MYL9 

ERVFRD-1 COL5A1 MATN3 ACTN4 MYL12A 

SVOPL COL5A2 MFAP2 CAPZB NRP2 

FCER1A COL6A1 MMP2 CFL1 GJA1 

TPSAB1 COL6A2 MMP11 FLNA GJB2 

TPSAB2 COL6A3 MMP14 MARCKS PTK7 

TPSD1 COL8A1 HTRA1 PFN1 PKM 

CTSG COL10A1 SFRP2 S100A10 RAB31 

HPGDS COL11A1 SPARC TPM1 RUNX2 

LTC4S COL12A1 COL14A1 TPM2 CDH11 

MRGPRX2 COL16A1 ADAM12 TPM4 LRRC17 

RGS13 COMP  MMP23B ARPC2 ACTA2 

SIGLEC6 VCAN P3H4 PDLIM3 TNFRSF12A 

VWA5A CCN2 POSTN ENAH ARF4 

C1orf150 CTSK SULF1 THBS2 INHBA 

C20orf118 FAP SULF2 CILP LGALS1 

PDGFB FBN1 CREB3L1 APON1 MYH9 

    P4HB MXRA5 NREP 

        CD99 
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Abbreviations 

Abbreviation Definition  
BMDM Bone marrow-derived macrophages  
CAF Cancer-associated fibroblast 
CCL2 C-C Motif Chemokine Ligand 2 
CCL3 C-C Motif Chemokine Ligand 3 
CCL4 C-C Motif Chemokine Ligand 4 
CCL5 C-C Motif Chemokine Ligand 5 
CCR2 C-C Motif Chemokine Receptor 2 
CDCA Chenodexoycholic acid  
C/EBPα CCAAT/enhancer binding protein α  
CMP Common myeloid progenitors 
COX-1 Cyclooxygenase-1 
COX-2 Cyclooxygenase-2 
CPA3 Carboxypeptidase A3 
CTMC Connective-tissue mast cell  
CXCL2 C-X-C motif chemokine ligand 2 
CXCL10 C-X-C motif chemokine ligand 10 
CXCL16 C-X-C motif chemokine ligand 16 
CXCR3 C-X-C Motif Chemokine Receptor 3 
CXCR4 C-X-C Motif Chemokine Receptor 4 
CXCR6 C-X-C Motif Chemokine Receptor 6 
DC Dendritic cell 
ECM Extracellular matrix  
EMT Epithelial-mesenchymal transition  
EP1 E type prostaglandin receptor 1 
EP2 E type prostaglandin receptor 2 
EP3 E type prostaglandin receptor 3 
EP4 E type prostaglandin receptor 4 
ER Estrogen receptor 
EV Extracellular vesicles  
FFAR2 Free Fatty Acid Receptor 2 
FFAR3 Free Fatty Acid Receptor 3 
FFPE Formalin-fixed paraffin-embedded  
FGF Fibroblast growth factor  
FMT Fecal microbiota transplantation 
FXR Farnesoid X receptor  
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase 
GATA-2 GATA-binding factor 2  
GATA-3 GATA-binding factor 3 
GCDC Glycochenodeoxycholic acid  
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GF Germ-free 
GMP Granulocyte-monocyte progenitors  
HDAC Histone deacetylase 
HER2 Human epidermal growth factor receptor 2 
HMLE Human mammary epithelial  
HOXD10 Homeobox D10 
HR Hormone receptor 
IFN- Interferon gamma 
IL1RL1 Interleukin 1 receptor-like 1 
ILC Innate lymphoid cells 
MAMP Microbe-associated molecular patterns  
MBC Metastatic breast cancer  
MCT Mast cells containing mainly tryptase 
MCTC Mast cells containing both tryptase and chymase 
MDSC Myeloid-derived suppressor cells 
MMC Mucosal mast cell  
NK Natural killer cell 
NKT Natural killer T cell 

NOD-1 
Nucleotide-binding oligomerization domain-containing 
protein 1 

PAR-2 Proteinase activated receptor-2 
PD-1 Programmed cell death protein-1  
PD-L1 Programmed Cell Death Ligand 1 
PDGF-B Platelet-derived growth factor B  
PDGFR- Platelet-derived growth factor receptor alpha  
PGE2 Prostaglandin E2 
RORt Retinoid orphan receptor gamma t  
SCF Stem cell factor  
SCFA Short-chain fatty acids  
SMA Alpha-smooth muscle actin  
SPF Specific pathogen-free  
STAT3 Signal Transducer And Activator Of Transcription 3 
TGF-1 Transforming growth factor-beta 1 
Th1 Type 1 T helper cells  
Th17 Type 17 T helper cells  
TGIT T cell immunoglobulin and ITIM domain 
TIM3 T-cell immunoglobulin mucin-3 
TLR2 Toll-like receptor 2 
TNBC Triple-negative breast cancer 
TNF- Tumor necrosis factor alpha 
TSG101 Tumor Susceptibility 101 
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