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ABSTRACT 

 

Breast cancer (BC) is an aggressive disease that takes the lives of thousands of 

women every year. Although knowledge and treatment of this disease have improved 

over the years, much is still to be discovered about BC. One area of expertise that we are 

currently trying to learn more information about is the mast cell (MC) and its role in BC 

growth and development. The MC is an immune system component discovered in tumors' 

extracellular matrix (ECM). As a tumor grows within body tissues, the tumor recruits the 

MC from surrounding connective tissues to the tumor, using signaling cytokines such as 

IL-6 and TGF-β. However, it is understood that depending on the ECM, the MC could 

exhibit pro or antitumorigenic factors; both have been observed in BC (Aponte-Lopez et 

al., 2018). This difference in the role of the MC between tumors is attributed to the type 

of BC; the different activated or over-expressed receptors can cause a different response 

by the body and the MCs themselves. This study aims to identify unique MC receptors, 

such as FcεR-I, which could be the target of treatments developed in the future for BC. 
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INTRODUCTION 

 
Breast cancer (BC) is a complex disease with many moving parts. BC is one of 

the leading causes of death in women (American Cancer Society, 2021). Even though 

knowledge and treatment of this disease have increased over the years, there is much 

unknown about BC. One of the topics with little information is the role of the Mast Cell 

(MC) in the growth and development of cancer. Understanding the role of MC in tumor 

development can further our understanding of the cancers, leading to drugs that can treat 

BC better than broad-spectrum chemotherapy. For this study, it was hypothesized that 

FcR-1 is expressed but non-functional on the outside of cancer cells in vitro.  

REVIEW OF THE LITERATURE  

Breast Cancer 

 BC is the second most diagnosed cancer in women in the United States, behind 

skin cancer. Over the years, advancements in technology and knowledge about BC have 

increased survival rates among those diagnosed. However, in the United States, it is 

estimated that 286,600 women will or have been diagnosed with BC in 2021 (American 

Cancer Society, 2021). Nearly 50,000 of those women have severe enough disease to 

result in death; this makes BC the second most deadly cancer in the United States, behind 

lung cancer (American Cancer Society, 2021). The subtype of BC determines prognosis.  

a. Triple Negative Breast Cancer  

Protein receptors in the extracellular membrane or that reside in the cytosol of tumor 

cells can help identify the specific subtype of BC the patient was diagnosed with. Triple-

negative breast cancer (TNBC) is a form of BC that lacks estrogen receptors (ER), 

progesterone receptors (PR), and human epidermal growth factor receptor 2 (HER2) 
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overexpression (Geyer et al., 2017). Due to the decreased presence of these receptors, 

patients diagnosed with TNBC tend to have lower survival rates overall compared to 

other subtypes. The absence or under expression of these receptors prevents the use of 

receptor-targeted treatments.  

 

Figure 1 Triple negative BC classification via an absence of ER, PR, and no HER2 

overexpression. (made in Bio Render)  

 
 

b. Luminal-type Breast Cancer  

Another form of BC is known as the luminal type. This subtype is also classified into 

two forms: Luminal A and Luminal B. Luminal A is classified as BC positive for ER and 

PR within the cell and negative for HER2. Luminal B is classified into two subtypes: 

luminal B and luminal B-like. Both luminal B subtypes have positive ER, but luminal B 

is HER2 negative and has minimal PR, and luminal B-like is HER2 positive and has no 

PR (Inic et al., 2014).  
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Figure 2 Differences in receptor expression between luminal A (left), luminal B (middle), 

and luminal B-like (right) (made using Bio Render)  

 

c. HER2-positive breast cancer  

The receptor found on mammary tissue cells, known as human epidermal receptor 

number 2 (HER2), is the receptor used for the average growth and development of the 

cell (Rubin, Yarden, 2001). The HER2 receptor does not have one specific ligand that 

binds to create a cellular response but rather multiple ligands (Rubin, Yarden, 2001). This 

allows growth and development to occur much faster in a malignant cell than in a normal 

mammary tissue cell.  HER2-positive BC cells are cancerous cells with an oversaturation 

of the HER2 receptor and overexpression of the gene that codes for these receptors 

(Geyer et al., 2017).  Figure 3 shows the difference between a normal cell within the 

breast tissue and a HER2-positive cancer cell. Since, HER2 is a targetable receptor on the 

surface of the BC cells, this form of BC can be treated with a medication like 

Herceptin/HYLECTA.   
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Figure 3 HER2 receptor expression differences between normal cells (left) and HER2+ 

cancer cells (right) (made using Bio Render)  

 

The Mast Cell  

a. What is a Mast Cell?  

Mast cells (MC) are immune cells that are now being studied more closely regarding 

their role in cell growth or death in cancer. Paul Ehrlich first discovered the MC in 1878 

during his doctoral thesis work. After his discovery, he hypothesized that these cells were 

a large part of the microenvironment in connective tissue and aided in feeding 

neighboring cells. Research has continued since then, and we have learned the MC’s role 

in the immune response to large extracellular invaders (worms) and allergens (Dwyer, 

Austen, 2021).  

 When Ehrlich was first working with the MC, he also made note of their presence 

in tumors. Since he noted their presence, it has been theorized that they infiltrate tumors, 

one of those being BC tumors. In multiple studies, MCs have been observed to be 
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protumorigenic, antitumorigenic, and non-important bystanders (Aponte-Lopez et al., 

2018).  

Most of our knowledge on MC is regarding immune response to allergens, and 

research continues to observe the effect that MCs have on tumor development in context-

dependent studies. There is considerable debate within the immunology community on 

the role of the MC in cancer development due to the observations of scientists who have 

reported the MC’s ability to switch from pro to anti-inflammatory responses (Galli et al., 

2020). A similar observation has been noted when it comes to cancer, the seeming ability 

for the MC to switch from pro to antitumorigenic properties depending on the type of 

cancer and the person.  

 Concerning BC, MCs positive for tryptase, an enzyme released by the MC and a 

good indicator of MC activation, were in higher concentrations in luminal A and B and 

less common in TNBC and HER2-positive subtypes (Glajcar et al., 2017). This tryptase-

positive MC concentration has been linked to less aggressive cancers and a better outlook 

due to the suppressive qualities of tryptase in cancer. However, this is counterintuitive 

because tryptase is associated with allowing fibroblasts and other cells within the tissue 

to continue to grow, which could, in theory, be more beneficial to cancer cells responding 

to mitogenic signals (Caughey, G.H., 2008). MCs also contain high levels of histamine, 

which is mainly associated with allergic reactions. However, BC mouse models have 

been shown to suppress the immune response, which increases tumor angiogenesis by 

amplifying the expression of the vascular endothelial growth factor (VEGF) (Majorini et 

al., 2022). It is expected to see higher proliferation and more aggressive cancers like 

TNBC and HER2 positive because of the lack of tryptase-positive MCs and the lack of 
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ER and PR within the cell, allowing for a protumorigenic ECM (Okano et al., 2019). 

However, the role of MCs in BC development is still controversial.  

b. Structure  

MCs are round and primarily irregular and filled with granules, small, dense 

biological organic molecules. These granules are so dense that they often obscure the 

nucleus from view (Fong, Crane, 2021). When a ligand binds to one of the many IgE 

receptors around the cell, the MC releases some of these granules into the ECM via 

exocytosis. The MC then starts to appear flatter and oblong instead of round. This process 

is called degranulation (Fong, Crane, 2021).  

 

 
Figure 4 Mast cell structure (made using Bio Render)  

 

i. FcεRI  

MCs respond to signals via a high-affinity receptor known as FcεRI. IgE binds to 

FcεRIα, which triggers a signaling cascade. This cascade starts with the immunoreceptor 

tyrosine-based activation motifs (ITAMs) located on the β and γ subunits of FcεRI, which 

causes a phosphorylation cascade and eventual exocytosis of calcium from the 

endoplasmic reticulum (Kelly et al., 2016).   



14 
 

 
 

ii. IgE  

Immunoglobulin E (IgE) is produced by allergen-specific B-cells, most often due 

to an allergic or anti-helminth parasitic stimulus. It is converted into its active IgE form 

with the help of IL-4 and IL-13 (Kelly et al., 2016). IgE binds to FcεRI without antigen 

attached to its antigen-binding site. When an antigen does encounter the IgE/FcεRI 

complex the result is a conformational change in FcεRI that causes signal transduction 

and degranulation of the MC.  

 

Figure 5 Binding of IgE/antigen complex to FceR-1 causing degranulation of the MC 

(made using Bio Render).  

 

c. Signaling cytokines  

i. Interleukin-6  

Interleukin-6 (IL-6) is a cytokine produced by many different cell types like T 

cells, B cells, monocytes, MC, and some tumor cells. When inflammation increases, IL-6 

amplifies by inducing acute phase proteins, increasing angiogenesis and thermogenesis 

(Fonseca, J.E. et al., 2009). IL-6 is very integrated with the endocrine system, affecting 

functions positively and negatively. Positively, IL-6 increases the release of growth 
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hormones and prolactin. On the other hand, IL-6 decreases TSH secretion, which can 

increase feelings of fatigue, depression, and stress (Tsigos, C. et al., 1997).  

Due to the immunomodulatory factors of prolonged IL-6, its role in cancer is of 

concern. In BC, stromal cells like mesenchymal stem cells, adipocytes, and immune cells 

have the potential to secrete IL-6 and often will when interacting with cancer cells (Chen, 

J. et al., 2022). In relation to MCs, IL-6 increases MC proliferation and maturation, 

allowing for higher reactivity (Desai A. et al., 2016). Furthermore, MC will produce IL-6, 

which can indicate a potential autocrine loop. Elevated levels of IL-6 in the tumor 

microenvironment can lead to increased tumor angiogenesis because of the suppression 

of apoptosis (Chen, J. et al., 2022). Overall, increased levels of IL-6 correlate with lower 

survival rates in breast cancer patients (Manore S.G. et al., 2022).  

ii. Transforming Growth Factor-β 

Transforming Growth Factor-β (TGF-β) is a cytokine secreted by epithelial cells 

and some leukocytes. In cancer, TGF-β has been shown to hinder tumor growth during 

the initial stages, though as the tumor grows, TGF-β switches roles and aids in the 

tumor's proliferation (Chaudhury et al., 2009). This cytokine family comprises TGF-β1, 

2, and 3 (Travis et al., 2013).  

The role of TGF-β operates in a stimulatory and inhibitory fashion in immune 

cells depending on the environment. In some circumstances, TGF-β will inhibit T cell 

proliferation by inhibiting IL-2 (Travis et al., 2013). TGF-β will also trigger cell death 

within T cells after infection (Travis et al., 2013). This effect has been observed during 

bacterial and viral infections. However, TGF-β in combination with IL-6 is necessary for 
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healthy immune system development and inflammatory responses for certain T cells 

(e.g., Th17). 

Role of Mast Cells in Breast Cancer  

a. Tumor angiogenesis:  

 MCs are inflammatory cells; elevated levels of inflammation allow for the 

increase in angiogenesis of tumor cells. Inflammatory cells, like the MC, communicate 

by signaling pathways; the best example of this is FcR1, which has a high affinity for 

binding to IgE, which itself binds to antigen thus causing MC degranulation (Ribatti et 

al., 2018).  The body’s vascular structure around the tumor cannot support its growth, 

which indicates that the tumor has an issue gaining nutrients and removing carbon 

dioxide from the cells. The tumor increases inflammation by the MC's release of 

proinflammatory factors like TGF-β, tumor necrosis factor (TNF), and IL-4 (Majorini et 

al., 2022). Degranulation sends angiogenic factors that start to degrade the matrix around 

the connective tissue and allow for the formation of new blood vessels around the tumor 

so it can get more nutrients (Komi et al., 2020). The tumor continues to recruit MCs, 

which then degranulate and release the TGF-, TNF, and IL-4, and IL-6 creating a cycle 

of activation to keep inflammation high to support more and more growth.  

b. Tumor growth inhibition:  

   The potential role of the MC could also be inhibitory to tumor growth. This 

feature has been noted primarily in BC's luminal A and B subtypes. The recruitment of 

MCs to areas in high densities alongside a hormonal-based treatment has shown better 

patient outcomes (Carpenco et al., 2019). Within these subtypes, it has been noted that 

the high densities of MCs in the tumor microenvironment when degranulated release 
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chymase and tryptase, the ECM of tumors with both chymase and tryptase had lower 

proliferation rates (Glajcar et al., 2017).  

 

Significance in Breast Cancer Treatment  

MCs are an important part of the immune system, allowing our bodies to fight off 

invaders effectively. However, they have also been found in the ECM of tumors. Most 

cancers found with MC in their microenvironment have been linked to prognosis; 

whether good or bad, this could provide clinicians a unique opportunity to create a more 

effective treatment. BC is one of these cancers, but there needs to be more consensus 

within the immunology community on the role of MC in tumor growth and development. 

This study will observe the effects of MCs, specifically FcR1, and its role in cell 

survival within the tumor. FcR1 is a highly specific receptor to MC and can therefore be 

a highly targetable for the function of killing cancer cells. The future implications of this 

study are, with time and other information gathered from other studies, the development 

of treatments directly targeting the MCs function in the body and within the tumor 

microenvironment, which can be more effective than chemotherapy.  

METHODS AND MATERIALS  

Cell Lines  

Cell Line Species  Cell Type 

NGS3 Mouse MC 

4T1 Mouse TNBC 

Jurkat Mouse T Cell 

LAD2 Human MC 

E3 Human ER+ BC 

EWD8 Human Basal-like BC 

MCF7 Human ER+ BC 
Table 1: Cell lines used during this study. 
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Antibodies 

 

Antibody Vendor Catalog Number 

Alexa Fluor 488 anti-

mouse FcεRIα  

BioLegend 134330 

APC/Cyanine7 anti-human 

FcεRIα 

BioLegend 334631 

Purified anti-mouse 

CD16/32 

BioLegend 101302 

Human TruStain FcX (Fc 

block) 

BioLegend 422302 

Rabbit anti-mouse TGF-

βR2 IgG 

ABclonal Technologies A22471 

PE Donkey anti-rabbit IgG  BioLegend 406421 

PE anti-mouse LAP TGF-

β1 

BioLegend  141403 

Table 2: Antibodies used for this study. 

Chloroacetate Esterase Staining (CAE) 

 CAE staining was done to get a general quantification of MCs in solid tumors. 

The CAE kit used was the Naphthol AS-D Chloroacetate Esterase Kit from Sigma-

Aldrich, Burlington, MA. Tissue sections were cryosectioned between 8-10 m and 

stained according to the manufacturer's protocol. In a 15 mL tube, 1 mL of sodium nitrite 

and 1 mL of the fast red violet LB base solutions were mixed via inversion and allowed 

to stand for 2 minutes. The solution was then added to 40 mL of DI water warmed to 

37C, 5 mL of TRIZMAL 6.3 buffer concentrate, and 1 mL of Naphthol AS-D 

Chloroacetate solution. The solution was thoroughly mixed via inversion and turned to a 

vibrant red color. Room temperature Citrate-Acetone-Formaldehyde solution was used to 

fix the samples for 30 seconds. Slides were rinsed with DI water for 45 seconds, placed in 

the Chloroacetate solution, and incubated in the dark for 15 minutes at 37C. After 

incubation, the slides were washed with DI water for 2 minutes and then counterstained 
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in hematoxylin for 2 minutes. The hematoxylin was washed off with tap water, and the 

slides were allowed to dry before being coverslipped.  

 Between 8-12 images were taken per section, ensuring that the center and edges 

for the section were imaged. MCs were quantified, and data was analyzed based on each 

sample's average number of MCs per high-powered field of view (Lyons, D.O., 2023).  

Immunofluorescence  

i. FcεRI  

The tumors were collected from BALB/cJ mice 28 days after injection with 4T1 

cells (Rasé, V.J. et al., 2022). Tumors were frozen at -80⁰C until cryosectioned. Sections 

were cut 8-10 µm thick and stored at -20⁰C until stained and analyzed.  

The tumor sections were stained with anti-mouse FcεRIα antibody (Table 2). The 

antibody was diluted with 0.2% Bovine Serum Albumin. Anti-CD-16/32 was used for 

competitive binding for the FcεRI to avoid non-specific binding to surface Fcγ receptors 

on the cancer cells. The samples were incubated at 4°C for twenty-four hours. After 

incubation, the samples were washed with 1X PBS three times. The samples were stained 

with a 2% Hoechst (nuclei counterstain) solution. The Hoechst was diluted with 1XPBS. 

This solution was pipetted onto the samples, and the samples were placed in a dark area 

for thirty minutes. After incubation, the Hoechst was washed off with 1XPBS three times. 

The samples were cover-slipped and sealed with clear nail polish.  

ii. TGF-β 

a. TGF-R2  

Tumor sections were stained using Rabbit anti-mouse TGF-R2 IgG antibody and 

PE Donkey anti-rabbit IgG antibody (Table 2). The sections were washed with 1X PBS 
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for 5 min and then air dried. The primary antibody was diluted in 0.2% BSA and 

incubated on the sections overnight at 4C. After incubation, the sections were washed 

with 1X PBS for 5 minutes. The samples were air-dried, stained with the secondary 

antibody diluted in donkey serum, and incubated for 45 minutes at room temperature. 

The secondary antibody was washed off with 1X PBS, counterstained with a 2% Hoechst 

solution, and the coverslipped. Sections were stored at -20C.  

b. TGF- Latency Associated Peptide (LAP)  

Tumor sections were stained using PE anti-mouse LAP TGF-1 antibody (Table 

2). Sections were fixed in a Citrate-Acetone-Formaldehyde solution for 10 minutes and 

then washed with 1X PBS for 5 minutes. Samples were then placed in a permeabilization 

solution for 5 minutes. After permeabilization, the samples were washed with 1X PBS for 

5 minutes and air-dried. The LAP antibody was added to the sections and incubated 

overnight at 4C. The antibody was washed off with 1X PBS for 5 minutes. The sections 

were counterstained with a 2% Hoechst solution and then coverslipped. The sections 

were stored at -20C.  

Confocal microscopy 

For image capture and analysis, a Zeiss LSM 900 confocal laser scanning 

microscope and the corresponding software, Zen Blue, were used. Between 12 and 16 

images of each sample were taken at 20X or 40X magnification.  

Flow Cytometry  

All prepared samples were run using the Attune NxT acoustic focusing flow 

cytometer, and all data were analyzed using FlowJo v.10. Samples were prepped with the 

following protocol adapted from the BioLegend Cell Surface Flow Cytometry Staining 
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Protocol. Cells suspended in complete medium (~1x106 cells/mL were added to 2 mL 

Eppendorf tubes and spun down at 350xg for 5 minutes. Media was discarded. Cells were 

washed twice with cell staining buffer. Supernatant was discarded. Fc block was added to 

the pellets and left in the fridge for 10 minutes. The antibody and enough cell staining 

buffer were added to bring the total volume to 100 µL. The samples were incubated in the 

fridge for 20 minutes. The volume of the tubes was raised using cell staining buffer (~600 

µL). Samples were centrifuged at 350xg for 5 minutes. The supernatant was discarded, 

and samples were washed twice using a cell staining buffer. The supernatant was 

discarded, and the samples were resuspended in 1 mL of cell staining buffer.  

i. FcεRI  

The cells used for this assay were 4T1, NGS3s, E3s, EWD8s, MCF7s, and LAD2s 

(Krishenbaum, A.S et al., 2003)—cells grown in vitro. Approximately one million cells 

were analyzed per sample and stained using the FcR-1 and Fc block antibodies listed 

in Table 2.  

ii. Ca2+ Flux Assay  

The Ca2+ Flux Assay is a method to assess the degranulation potential of mast 

cells using a flow cytometer. This assay was done with BMMCs and 4T1s to test the 

functionality of FcεRI.  The cells are sensitized with TNP-KLH (antigen)-specific IgE for 

twenty-four hours at a 0.5 µg/mL concentration. Fluo-4 AM – the Ca2+ fluorescent 

indicator – is dissolved in DMSO at a concentration of 1 mM. Before the Fluo-4 AM was 

added to the cells, the cells were centrifuged at 350xg for 5 minutes, and the supernatant 

was discarded. Cells were washed twice with calcium-free PBS. Fluo-4 AM was added at 

1 µM per 1X107 cells/mL. The cells are then incubated for 45 minutes at 37⁰C. After 
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incubation, cells were washed with PBS and allowed to rest for 30 minutes at room 

temperature. Flow was run initially without antigen to obtain a calcium baseline for 60 

seconds. The tube was removed from the flow cytometer and 1 µL of TNP-KLH was 

added, the lid was closed, sample was mixed via inversion. The tube was quickly placed 

back on the flow cytometer, and data was collected again for another 60 seconds to see a 

change in extra-calcium concentration (protocol based on Vita, A.A. and Pullen, N.A, 

2022). NGS3s and 4T1s calcium indicator used was Fluo-4 AM from Invitrogen 

Waltham, MA. LAD2, EWD8, E3s, and MCF7s calcium indicator was ICR-1 AM from 

Ion Biosciences San Marcos, TX.    

Polymerase Chain Reaction (PCR)  

 PCR was used to determine the presence of  subunits, using DNA primers 

designed to target specific subunits. Primers were crosslinked for human and mouse 

FcR-1 (Table 3).  

Primer Name 5’-3’ Primer Length TM (C) 

FcR-1-F ACTGTACGGGCAAAGTGTGG  81 60.53 

FcR-1-R ACTTCTCACGCGGAGCTTTT  81 60.25 

FcR-1-F CCTCCAGTGCACCTGACATT  149 59.96 

FcR-1-R ATGTCCGCCATGTCTGCTTT  149 60.32 

FcR-1-F GCCGTGATCTTGTTCTTGCTC  78 59.87 

FcR-1-R GCCTTTCGGACCTGGATCTT  78 59.75 

Table 3: FceR-1 PCR Primer Sequences  

a. RNA Extraction  
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The total RNA was extracted using the TRIzol Plus RNA Purification Kit from 

Invitrogen Waltham, MA. Cell samples were lysed and centrifuged to separate phases 

with the liquid phase containing RNA according to the manufacturer’s protocol. RNA 

was washed and eluted into an Eppendorf tube. Purity was measured with the NanoDrop 

Spectrophotometer.  

RNA without adequate concentrations (lower than 100 ng/L) and purities (a 

260/280 ratio less than 1.5) were further purified; samples were reconstituted in a small 

volume of liquid. This was done by adding 0.1X volume of 3M sodium acetate (pH 5.2) 

to the samples, then adding cold 100% ethanol and cold isopropanol. Tubes were inverted 

to mix and then placed on ice for 10 minutes. RNA samples were centrifuged at 14,000xg 

at 4C for 10 minutes. The supernatant was carefully removed, and the pellets were 

washed with 1000L of 75% ethanol. Samples were centrifuged again for 2 min (same 

settings as before). The supernatant was removed, and the samples were centrifuged once 

more for 1 minute. Any excess supernatant was removed. The pellets were air-dried with 

the Eppendorf tube caps left open for 3 minutes. The pellets were resuspended with 15L 

of nuclease-free water. Purity and concentration were checked once more using the 

NanoDrop Spectrophotometer.  

b. cDNA synthesis 

This was completed using the QuantiTect Reverse Transcription Kit (Cat. No. 

205311) from Qiagen Germantown, MD. cDNA was made from the RNA samples from 

all cell lines in a 20L volume reaction with 1 g of total RNA for each cell line. In 0.2 

mL nuclease-free PCR tubes, 1L dNTPs and 1L anchored oligo dT22 were added and 

adjusted with water for a total volume of 13 L. The samples were placed in the thermal 



24 
 

 
 

cycler at 65C for 5 minutes, then a 12C hold. The RNA was placed on ice to allow for 

denaturation. Then, 4 L 5X First-strand buffer, 1.2 L DEPC-treated water, 1 L DTT, 

0.5 L RNase OUT (Invitrogen 10777-019), and 0.3 L SuperScript III were added for a 

total volume of 20 L. Samples were placed in the thermocycler once more programmed 

at 25C for 5 min, 50C for 1 hour, 70C for 15 minutes, and 12C hold. Samples were 

stored at -80C until ready for PCR.  

c. PCR 

The PCR kit used was the QuantiTect SYBR Green PCR Kit (Cat. No. 204163) 

from Qiagen Germantown, MD. Primers was purchased from Invitrogen Waltham, MA. 

Primers were diluted in nuclease-free water for a concentration of 2 M. Each tube 

contained 10 𝜇L MasterMix 1 𝜇L forward primer, 1 𝜇L reverse primer, and 8 𝜇L cDNA 

per cell line. Samples were loaded into the thermocycler and programmed for 1 cycle of 

94C for 2 minutes (initial denaturation), 40 cycles of denaturation at 94C for 30 

seconds, annealing at 55C for 30 seconds, and elongation at 72C for 30 seconds, 

followed by a 10-minute extension for final elongation at 72C, and finally a 12C hold.  

d. Gel Electrophoresis  

A 2% agarose gel was prepared. Samples were prepared for the gel by combining 

3.3 L 6X SYBR Green, 4.7 L nuclease-free water, and 12 L PCR samples. The 

samples were loaded along with a 1Kb GeneRuler Plus DNA ladder from Thermo Fisher 

Scientific Waltham, MA. Gel was run in 1X TAE at 100 V until adequate band 

separation was achieved (about 1 hour).  
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IL-6 Enzyme-Linked Immunosorbent Assay (ELISA)  

 This assay was done with the Human IL-6 ELISA Max Deluxe Set from 

BioLegend San Diego, CA, following the manufacturer’s protocol. First, diluted capture 

antibody at a concentration of 0.5 g/mL, was dispensed at 100 L in each well of a flat 

bottom 96-well plate. The plate was covered and incubated at room temperature 

overnight. After the overnight incubation, the plate was washed with wash buffer (0.05% 

Tween-20 in 1X PBS), and the 200 L of block buffer (0.5% BSA in 1X PBS) should be 

added to the wells and incubated at room temperature for 1 hour. The plate was washed, 

and 100 L of the samples and standard curve solutions were added to the wells and 

incubated at room temperature for 2 hours. The plate was washed, and the detection 

antibody was added at a concentration of 0.5 g/mL at a volume of 100 L/well and 

incubated at room temperature for 1 hour. The plate was rewashed, and the Avidin HRP 

was added to each well (100 L/well) and incubated for 30 minutes. The Avidin was 

washed off, and the TMB substrate was added to each well (100 L/well).  The data was 

collected immediately using the SpectraMax 190 microplate reader. The data was 

analyzed using the GraphPad Prism 10 software.  

 Mouse IL-6 ELISA Max Deluxe Set from Peprotech Inc. Cranbury, NJ, was 

completed similarly to the Human IL-6 ELISA steps above.  

R-2 Genomic Data Search  

 The genetic database R2: Genomics Analysis and Visualization Platform 

(http://r2platform.com) was used to apply the data collected with the in vitro models 

within this study to human tissue removed from patients. The genes GAPDH, ACTB, 

FcR-1, and TGF-1 were searched on the tissue expression data in Table 4.  

http://r2platform.com/
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Author Tissue Type Sample Size 

Belitskaya-Levy Postmenopausal Normal Breast 107 

Russo Nulli-parous Normal Breast 113 

Russo Full-term Pregnancy Normal Breast 109 

Gruvberger-Saal Primary Tumor Breast 3207 

Brown TNBC Tumor Breast 198 

Sinn Tumor Breast Metastatic 1108 

Table 4: R2 genomic tissue samples 

RESULTS AND DISCUSSION 

Chloroacetate Esterase Staining 

 Chloroacetate Esterase (CAE) is a staining method that stains MC granules 

magenta/pink while other cells are stained purple. This staining technique was first to the 

tumor samples, and it was found that the IL-6 KO tumors had a higher concentration of 

MCs compared to the WT control tumors (Lyons, D.O., 2023). The immunofluorescent 

staining was done to get data of cells that express FcεRI, which allowed for the capture of 

other cells expressing this receptor and not just MCs.  
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Figure 6: Left: Images of CAE staining. Top: WT 4T1 tumors. Bottom: 1L-6 KO tumors. Right: Quantification of the MC 
concentration between WT and KO tumors. KO tumors are significantly more likely to have higher MC counts (p<0.05). 
(From Lyons, D.O., 2023) 

FcεRI Fluorescence 

Intense FcR-1 staining was noticed for the IL-6 knockout sections, more so 

compared to the wild-type. A few possible reasons exist for a large portion of positive 

staining within the tumor samples. The tumor contains many MCs, or other cells that 

express the FcR-1 receptor. In the WT 4T1 tumors, a fibrous capsule surrounded the 

tumor where the mast cell concentration was the highest; this was not seen in the IL-6 

KO tumors.  
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Figure 7: A-C Control “Wildtype” 4T1 tumors stained for FcεRI (green) and Hoechst (blue) at 20X magnification. D-F: IL-
6 knock-out 4T1 tumors stained for FceR-1 (green) and Hoechst (blue) 20X magnification. All images were taken with 
the Zeiss LSM-900 microscope. 

TGF-β Fluorescence  

a. TGF-RII Staining  

Since TGF- switches from anti-inflammatory to proinflammatory once a tumor 

has been established to aid in tumor proliferation (Chaudhury et al., 2009), the expression 

of the receptor, TGF-RII, was measured by looking for a difference between the WT 

and KO tumors. It was hypothesized that the IL-6 KO would have a higher expression of 

TGF-RII compared to the WT, like what was seen for the anti-FcR-1 fluorescent 

staining. There is a very slight difference between WT and IL-6 KO. It does appear that 

the WT tumors express more TGF-RII compared to the KO because of the redder tone 

of the images, indicating more red staining from the TGF-RII antibody, while the KO 

has more of a purple tone due to less positive TGF-RII staining meaning the blue of the 

Hoechst is more apparent (Figure 7). This higher expression of TGF-RII in the WT 4T1 
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tumors was an unexpected result. Studies have shown that compared to noncancerous 

tissue, there is an upregulation of TGF-RII within colorectal cancer (Gatza C.E. et al., 

2011). It would be worth comparing these results to noncancerous mammary tissue and 

comparing the differences.  

 

Figure 8: A-C 4T1 WT tumor sections stained with TGF- RII (red) and counterstained with Hoechst (blue). D-F: IL-6 
knock-out 4T1 tumors stained with TGF- RII (red) and counterstained with Hoechst (blue). All images were taken at 
20X magnification. 

b. TGF- LAP Staining  

A cell increasing the expression of a receptor would also correlate to an increase 

in that receptor's ligand; the higher expression of TGF- LAP in the WT was expected 

after seeing a higher expression of TGF-RII in the WT compared to the KO (Figure 8).  
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Figure 9: A-C: 4T1 WT tumors stained with TGF-β LAP antibody (red) and counterstained with Hoechst (blue) at 40X 
magnification. D-F: 4T1 IL-6 KO tumors stained for TGF-β LAP (red) and counterstained with Hoechst at 40X 
magnification. 

 When comparing these data to the FcR1 images, it is seen that these two 

receptors are inversely expressed, with more TGF-RII expressed in the WT and more 

FcR1 expressed in the KO tumors, which implies that an absence of IL-6 less TGF- is 

produced in the tumor microenvironment. This phenomenon was also seen in the R2 

genomics search, with FcR-1 being downregulated in the tumor and TGF-RII being 

upregulated.  

Anti-FcεRI Expression   

To understand the reason for high concentrations of positive FcR1 staining 

within solid tumor sections, an in vitro assay was done using the same FcR1 antibody 

used in the confocal microscopy. This assay showed a positive result for NGS3 BMMCs 

and 4T1s but negative for Jurkats, a mouse T-cell leukemia cell line. The positive 

BMMCs and negative Jurkats were expected, though the positive 4T1s were unexpected. 
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A CD16/32 block was used to ensure specificity to FcR1. This expression in the 4T1 

cells has not been noted in the literature.  

 

Figure 10: A- Unstained negative control C57BL/6J BMMCs. B-Stained BMMCs for anti-mouse Fc R1,>90% positive, as 
expected. C- Unstained negative control Jurkat. D-Stained Jurkat for anti-mouse Fc R1. E- Unstained negative control 
4T1s. F-Stained 4T1s for anti-mouse FcεRI >90%, an unexpected result.  

This assay was repeated with human LAD2, E3, EWD8, and MCF7 cells. The 

results were mostly consistent with the data collected with the mouse cells. The LAD2s 

were used as a positive control and expressed FcR1 as expected. The three cancer cell 

lines expressed FcR1. The EWD8s basal-like cell line expressed a similar amount of 

FcR1, ~76% positive. This was an unexpected result. The E3s and MCF7 cell lines 

expressed a smaller amount of FcR-1, ~33% and ~11%, respectively (Figure 10). Both 

cell lines are ER+ luminal-like BC, which tends to be less aggressive than the basal-like 

EWD8 cell line (Haughian JM et al., 2011). This is a possible explanation for the 

difference in FcR1 expression. The literature has not noted this expression of FcεRI on 

human-immortalized cell lines.  
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Figure 11: A. Unstained negative control LAD2. B.-Stained LAD2s for anti-human FcR-1, ~80% positive as expected. C. 

unstained negative control EWD8s. D. Stained EWD8s for anti-human FcR1, ~76% positive, an unexpected result. E. 

Unstained negative control E3s. F. Stained E3s for anti-human FcR1, ~36% positive, an unexpected result. G. 

Unstained negative control MCF7s. H. Stained MCF7s for anti-human FcR1, ~11% positive, an unexpected result.  

Ca2+ Assay  

 Calcium can be used to measure the early activation function of FcR1. 

Crosslinking of the receptor via IgE + antigen causes release of calcium from the 

endoplasmic reticulum, which is critical for degranulation and can even exit to the ECM 

(Nagata, Y. & Suzuki, R., 2022). In the mouse model, as expected, the MCs (NGS3s) had 

an increased calcium release from the ER into the ECM after adding antigen. The cancer 

cells did not, with the 4T1s starting low and increasing before and after antigen addition.  
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Figure 12: Mouse Ca2+ Assay. Left: NGS3 Ca2+, Red: NGS3s, +IgE, +Fluo-4AM. Blue: NGS3s, +IgE, -Fluo-4AM. Orange: 
NGS3, -IgE, -Fluo-4AM. NGS3s, after activation with TNP-KLH, had an increase of Ca2+ as expected (red). Right: 4T1 
Ca2+ Assay. Blue: 4T1, +IgE, +Fluo-4AM. Orange: 4T1, +IgE, -Fluo-4AM. Red: 4T1, -IgE, -Fluo-4AM. 4T1s did not have a 
difference in Ca2+ release post activation with TNP-KLH. 

 In the human model, the LAD2s released calcium from the ER after adding 

antigen, as expected. The E3s and EWD8s started at lower calcium levels after antigen 

addition than those without antigen stimulation before increasing slowly. The MCF7s did 

not show an increase in calcium after adding the antigen.

 

Figure 13: Human Ca2+ Assay. A: LAD2 Ca2+  B: E3 Ca2+   C: EWD8 Ca2+   D: MCF7 Ca2+  LAD2s showed an increase in Ca2+ 
after the addition of antigen, as expected. E3, EWD8s, and MCF7s did not show any change in Ca2+ post antigen 
stimulation.  

PCR  

 Determining the presence of the  subunits within the 4T1s, E3s, EWD8s, and 

MCF7s is an important step in understanding the function of FcR1 within these cells. 

The NGS3s expressed all three subunits () as expected. Though the  subunit in the 
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NGS3 showed two bands, the reason for this is unknown and could be a mutation derived 

from when the cells were immortalized (Figure 13). The 4T1s also expressed all three 

subunits (), which was unexpected. The  band was also brighter in the 4T1 than the 

 band of the NGS3s, which could indicate that the 4T1s produce more of this subunit 

than the NGS3. The expression of the  subunits indicates that these cells are using 

this receptor for some function.  

 

Figure 14: PCR gel from 4T1 and NGS3s. NGS3s expressed all three subunits ( ) as expected, and the 4T1s expressed 
all three subunits ( ), which was an unexpected result. 

 The E3s, EWD8s, and MCF7s also express all three subunits (). The brighter 

 band in the E3s and EWD8s means a potentially higher concentration of this subunit 

than the  subunits. The MCF7 band appear to not express any of the subunits of FcεRI 

and the results see are most likely primer dimers.  
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Figure 15: LAD3, E3, EWD8, and MCF7s PCR gel. LAD2s expressed all three subunits as expected. E3s and EWD8s 
expressed all three subunits: an unexpected result. MCF7s did not express any of the subunits. 

IL-6 ELISA 

 Activation of FcR1 with IgE and antigen (TNP-KLH) will lead to the 

upregulation and release of IL-6 from MC (Fonseca, J.E. et al., 2009). The ELISA 

measured the concentration of IL-6 in the medium after activation with IgE and TNP-

KLH after 24 hours to measure the function of the FcR1. The NGS3s increased the 

amount of IL-6 after IgE and TNP-KLH activation, though once there was too much 

stimulation with antigen, IL-6 concentration decreased as expected. The 4T1s did not 

produce and subsequently release any IL-6 at any concentration of TNP-KLH antigen. 

This, along with calcium indicator data, indicates that the receptor is nonfunctional in the 

4T1 cells despite microscopy and flow data observing FcεRI protein and the PCR results 

indicating all three subunits are transcribed. Looking further down in the signaling 

pathway to determine the difference would allow a better understanding of why/how 

FcR1 is present on these cells and its overall function.  

 The human cell lines had a different result. The LAD2s produced and released 

small amounts of IL-6 when stimulated with IgE and TNP-KLH. The concentration of 

IL-6 also decreased slightly at the high dose of antigen. This was expected, but typically, 

MC releases more IL-6 at low dose antigen than was observed here. Though this is a 

cancerous cell line, it can be assumed that they produce lower amounts of IL-6. Another 
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interesting observation is that the EWD8s and the E3s produced IL-6, which was 

unexpected. The EWD8s produced IL-6 with stimulation with IgE and with IgE and 

antigen. The E3s acted similarly to the LAD2s, with the IL-6 being created after the 

simulation of IgE and antigen and decreased concentration at the high antigen dose 

(Figure 15). The MCF7s did not produce any IL-6.    

 

Figure 16: IL-6 ELISA results. LAD2 & NGS3s produced IL-6 as expected with give IgE and antigen. E3s and EWD8s also 
produced IL-6 which was an unexpected result. 4T1s and MCF7s did not produce any IL-6 (not pictured). 

 

R2 Genomics  

 Of the six genomic data sets examined, three being normal breast tissue and three 

being tumor tissue, there was an overall trend between normal and cancerous:  FcR1 is 

downregulated in a tumor compared to normal tissue. TGF- is up-regulated in a tumor, 

consistent with the class switch effect we see in cancer (Chaudhury et al., 2009). FcR1 

being downregulated is an interesting result because it is the opposite of what we see in 

immortalized cell lines that are commonly used to study BC. This result shows a 
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difference between primary tissue removed from a human patient and the assays done 

with immortalized human cell lines.  

 

Figure 17: R2 Genomics search results. Top row: normal breast tissue. Bottom row: tumor breast tissue. 

CONCLUSION   

 The observations within this research project have noted that: (1) MC traffic to 

mammary carcinoma that is IL-6 deficient in vivo (in a mouse 4T1 model); (2) that upon 

further analysis, 4T1 tumors abundantly express FcεRI, TGF-β, and TGF-β receptor; (3) 

4T1 cells and other human breast cancer cell lines abundantly express FcεRI in vitro; (4) 

that the function of FcεRI is limited to cytokine production only in some cell line in vitro; 

and (5) that conversely to cell models, primary human breast cancers do not express more 

or less FcεRI than primary non-cancerous breast tissue. Importantly, the functionality 

tests run during this study showed that FcR1 is nonfunctional in BC models in a 

traditional sense with respect to MC; to determine function in these cell lines, we would 

need to examine the signaling pathway of FcεRI in more detail. However, within human 
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breast cancer tissue, FcR1 expression is downregulated, which means the issue with 

these cells expressing this receptor could be that they are immortalized, and thus FcεRI 

expression is an artifact of their natural history that is irrelevant to the real human 

pathology. A mutation likely developed by the cells when they were initially 

immortalized. Interestingly, all the examined BC lines produced this (perhaps except 

MCF7), which could indicate another common route to aberrant protein expression in cell 

lines that might be of future interest. Regardless, these cells should be used cautiously if 

studying the interaction between BC and MCs within the tumor microenvironment. This 

caveat is particularly important in the context of 4T1 cells since these are also used as an 

immunocompetent in vivo BC model in Balb/c mice. These observations also bring for a 

call to examine the associations and roles of MC more intentionally in primary human 

breast tissue as well as primary human BC. FcεRI remains a relatively unique surface 

target for MC that can be leveraged therapeutically if MC make any deleterious 

contributions to the BC microenvironment. 
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