
 

FEREYDOUNI, MOHAMMAD. Ph.D. Studies Examining the Efficacy of Therapeutically 

Enhanced Human Mast Cells as A Cancer Immunotherapy. (2021) 

Directed by Dr. Christopher L. Kepley. 102 pp.  

The emergence of cancer immunotherapies utilizing adoptive cell transfer (ACT) 

continues to be one of the most promising strategies for cancer treatment. Mast cells (MCs), 

ubiquitous tissue cells most commonly associated with Type I hypersensitivity, bind 

immunoglobin E (IgE) with high affinity, produce anti-cancer agents such as tumor necrosis 

factor alpha (TNF-) and granulocyte macrophage colony-stimulating factor (GM-CSF), and 

populate practically all tumor microenvironments. Yet, the role of MCs in cancer pathologies 

remains controversial as direct evidence for anti-tumor or pro-tumor effects are lacking. Here we 

initially present an improved method for obtaining a large number of human MCs from adipose 

tissue. The proposed method has several advantages over current methods and can serve as a new 

source of human MCs for more realistic studies on the biology of this cell type in humans. Then, 

we found that HER2/neu tumor-specific IgE-sensitized MCs bound, penetrated, and killed 

HER2/neu-positive tumor masses in vitro. Further in solid tumor human breast cancer (BC) 

xenograft mouse models, infusion of HER2/neu IgE-sensitized human adipose-derived mast cells 

(ADMC) co-localized to BC cells, decreased tumor burden, and prolonged overall survival 

without signs of toxicity. These studies suggest MCs can be polarized from Type I 

hypersensitivity-mediating cells to tumor-attacking cells and may provide further options for 

cancer therapeutics for which tumor targeted IgEs are available. 
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CHAPTER I: INTRODUCTION 

Mast cells are important immune sentinels and widely recognized for their role as 

mediators of Type I hypersensitivity. However, they also secrete anti-cancer mediators such as 

tumor necrosis factor alpha (TNF-α) and granulocyte-macrophage colony-stimulating factor 

(GM-CSF) which are being investigated in clinical trials for cancer treatment. The role of MCs 

in all forms of cancer has been extensively investigated, yet it remains controversial as to 

whether they play a pro- or anti-tumorigenic role[1-5]. This is due in large part to 

observational/correlative studies performed in humans, to vast differences in human vs. murine 

MCs, and to contradictory roles concluded from rodent MCs in vivo models[5]. Numerous 

studies have counted numbers of MCs or assessed the rates of degranulating MCs on sections of 

diseased tissues from neoplastic conditions, suggesting pathogenic roles for MCs. However, 

these observations are difficult to interpret, as many processes can lead to MC accumulation and 

degranulation. Therefore, the role of MCs in cancer pathogenesis is unclear and our studies are 

aimed at better defining and understanding their role. We have discovered that we can “grow” a 

person’s fat cells into “mast cells”. This under-utilized source of MC-progenitors is essential to 

understanding and exploiting the full potential of MCs in human biology. 

The immune system is able to distinguish between self and non-self and eliminate 

damaged cells in the body. Surprisingly, this feature can be used to detect and eliminate mutated 

cancerous cells. In response, tumors can create an immunosuppressive environment and develop 

the ability to prevent immune recognition. Thus, autologous immune cell-based therapies have 

been developed to treat patients with cancer by re-activating the immune system [3]. For 

example, immunotherapy with dendritic cells (DC) makes use of autologous DC loaded ex-vivo 

with specific tumor-associated antigens or whole tumor lysate to generate an immune response 
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aiming for cancer-cell elimination. Over 200 clinical trials have established the safety and ability 

of this strategy to induce anti-tumor responses [4][5]. Chimeric antigen receptor T cells (CAR T) 

that target CD19 on B cells is another FDA approved cancer immunotherapy strategy 

(YescartaTM and KymriahTM). These strategies use autologous peripheral T cells engineered ex 

vivo to express a transmembrane chimeric antigen receptor composed of an extracellular antigen-

specific single chain antibody (Ab) and an intracellular T cell signaling domain [6]. MCs are 

another type of immune cells that have recently been targeted to evoke anti-tumor responses by 

exploiting their well-characterized pre-stored and newly synthesized mediators. This area of 

research belongs to the field of AllergoOncology, which aims to reveal the function of IgE-

mediated immune responses in fighting cancer cells. Both in vitro and in vivo results in this study 

provide a proof of concept, suggesting MCs as another cell type in cell-based cancer 

immunotherapy. This work provides a foundation and finds that this field of study, although 

promising, still requires more extensive investigation.  
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CHAPTER II: LITRATURE REVIEW 

Mast Cells 

Mast cells are important effector cells of the immune system that originate from bone 

marrow (as MC progenitors) and after circulation within the blood, find their way to almost all 

vascularized tissues. They become mature under the influence of local growth factors, 

particularly stem cell factor (SCF) and interleukin-3 (IL-3) [26].  Mast cells are more populated 

in the interfaces of the body and the external environment, such as skin and mucosal membranes. 

Due to this anatomical location, they are ideally situated to act as the first line of cellular defense 

against external pathogens [22]. They (along with basophils) are well-known for the main cause 

of type I hypersensitivity due to the immunoglobulin E (IgE)-mediated secretion of an overload 

of histamine and other mediators in the body [27]. However, they have also numerous functions 

that are beneficial to the host such as their role in wound healing and fighting against many 

bacterial infections, external pathogens, and internal antigenic tumor cells [28].  

Many studies have described the differentiation of primary human MCs from bone 

marrow[6-8], skin[9, 10], lung[11-13], heart[14-16], intestine[17, 18], cord/peripheral blood[19-

26], fetal liver[27, 28], uterus[19], and adipose[29, 30]. However, issues associated with 

isolating peripheral tissue-derived MCs include the labor-intensiveness, low yield of MCs, and 

disruption of normal cell phenotype or interactions by dispersion and enrichment processes[31]. 

Adipose tissue, unlike other tissues, is more easily obtained as it is usually discarded after 

cosmetic procedures (liposuction), providing another source of human MCs for researchers. We 

and others have demonstrated that phenotypically and functionally mature MCs arise from 

adipose tissue[29, 30, 32, 33]. Functional studies from various groups have shown that the 

culture of isolated human MCs for 2–3 weeks results in a restoration of normal cell functions that 
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were temporarily disrupted by the isolation procedure[18, 34, 35]. While it is clear that the 

above-mentioned tissues have progenitors that give rise to functionally mature human MCs[36], 

the phenotype and functionality of these progenitors under various culture conditions is not clear. 

Therefore, a functionally relevant, reproducible, and cost-effective in vitro line, which is 

exhibiting the main morphological and biological properties of in vivo MCs would allow 

researchers the ability to understand the role of MCs in human immunology[19]. In chapter III, 

we describe a novel approach to isolate three-dimensional MC progenitor spheroids (MCPS) that 

appear to serve as the source of mature MCs in cultures from adipose tissue. We also present 

evidence that these adipose-derived mast cells (ADMC) closely resemble primary MC 

phenotypic and functional responses.  

Mast cells are distinguished by their cytoplasmic electron-dense secretory granules which 

contain many kinds of pre-stored cytokines, chemokines and growth factors. A comprehensive 

list of secretory compounds from MCs is collected in reference [29]. Upon degranulation, as 

shown in Figure 1, MCs secrete a broad spectrum of their pre-stored and de novo synthesized 

proteins with potential autocrine, paracrine, local, and systemic effects. MC degranulation occurs 

in response to various external stimuli, such as IgE receptor (FcεRI) crosslinking pathway. MCs 

are sensitized with antigen specific IgEs through the high affinity FcεRI receptor, which causes 

secretion of preformed (notably, TNF-α and histamine) and de novo synthesized bioactive 

compounds (such as leukotriene C4, prostaglandin D2, and GM-CSF) [30].  

There are 21 FDA approved Abs on the market for treatment of various cancers [37]. 

While all are of the human IgG class, IgE has several potential advantages over Abs of the IgG 

class. Key advantages are the IgE-FcεRI high affinity mentioned above, which allows a more 

effective arming of effector cells without losing surface-bound Abs [38-40] and also the low 
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serum levels of IgE (generally 100,000 fold lower than IgG) that result in less competition for 

FcR occupancy [38, 39, 41]. In fact, the loss of specific IgG from effector cells, caused by the 

high levels of serum competing IgG for host FcγR-expressing cells, is a relevant limitation of 

IgG antibody-dependent cellular cytotoxicity (ADCC), a critical mechanism of anti-tumor 

protection [42]. This situation explains the very high level of therapeutic IgG often needed to 

achieve anti-tumor activity, which increases both the cost of the treatment and the probability of 

adverse effects. Additionally, IgE does not have any inhibitory FcR, while IgG binds to the 

inhibitory FcγRIIB (CD32B), and thereby decreases ADCC and Ab-mediated Ag presentation 

[43, 44]. Finally, there is a unique combination of effector cells such as MCs which together are 

capable of eliciting potent innate and adaptive anti-tumor immune responses. A variety of IgE 

Abs that target tumor Ags have been developed and studied in vivo cancer models, including 

BC[40, 41, 45-48] . The first clinical trial is currently underway in patients with advanced solid 

tumors to examine the safety of a mouse/human chimeric IgE antibody (MOv18 IgE) that is 

specific for the tumor-associated Ag folate receptor FRα, and which has exhibited superior anti-

tumor efficacy for IgE compared with its IgG1 counterpart in animal models (ClinicalTrials.gov 

and [48]). Finally, there is a unique combination of effector cells such as MCs, which together 

are capable of eliciting potent innate and adaptive anti-tumor immune responses. 
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Figure 1. Morphology of Human Mast Cells 

 

Note. Mast cell specific cytokine, Tryptase was labeled using immunohistochemistry and 

visualized with DAB Chromogen (A-C) and fluorochrome Alexa Fluor 488 (D, E). A. 

Exocytosis of secretory granules. One can see the starting point of secretion (arrow) and the end 

of granule release from a cytoplasm (double arrow). B. Intensive exocytosis of secretory 

granules into the extracellular space. Granules leave a mast cell at various parts of a cell 

membrane. C. Tryptase secretion with the help of macrovesicle formation—a large section of a 

cytoplasm containing secretory products (indicated by an arrow). D. Combination of exocytosis 

of certain tryptase-positive granules (indicated by an arrow) with formation of a macrovesicle 

(indicated by a double arrow) as a separation from a parent cytoplasm. E. Mixed degranulation 

D E 
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of a mast cell by exocytosis (indicated by an arrow) and granulolysis with formation of cavities 

and junctions of various sizes (indicated by a double arrow). Bar 10 μm for entire layout. [38] 

Based on the importance and key features of IgE- FcεRI crosslinking pathway on MCs 

activation, stimuli and activation pathways are categorized to the following two main groups: 

IgE Dependent MC Sensitization and Activation 

There are three types of surface-expressed IgE receptors; the high affinity tetrameric 

FcεRI, the high affinity trimeric FcεRI, and the low affinity FcεRII/CD23 [39]. There are also 

soluble IgE receptors as galectin-3 and -9 and FcεRIα chain [40]. The high affinity FcεRI is a 

tetrameric αβ𝛾2 membrane receptor complex that is expressed on MCs and basophils and binds 

the Fc portion of the ε heavy chain of IgE [Figure 2]. Crosslinking of this receptor via IgE-

Antigen triggers the release of granules and an inflammatory response. The IgE ab itself will 

sensitize and not activate the MCs. The Fab region of IgE would be specific to a particular Ag 

which is the fundamental of IgE dependent ADCC. For example Trastuzumab is an FDA-

approved monoclonal IgG antibody specific for HER2 membrane receptor, used to treat breast 

cancer [41]. Trastuzumab IgE has been produced and used in several studies, yet to be approved 

by FDA [13], [42], [43]. 

Figure 2. Cell Surface IgE Receptors and IgE-Mediated Direct and Indirect Effects 

Note. Cartoon of IgE binding to its cell surface receptors. IgE binds to tetrameric (αβγ2) 

(left) and trimeric forms (αγ2) (middle) of FcεRI through the extracellular domain of the alpha 
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(α) chain of the receptor. The low-affinity receptor CD23 trimer binds IgE through recognition of 

the lectin domain (right). [33] 

The ratio of binding IgE to FcεRI is 1:1 due to a high affinity with Ka on the order of 1010 

M-1 [39] which is a strong advantage over the IgG class of ADCC. Another key advantage is the 

low serum levels of IgE which is 100,000 fold lower compared to IgG. By this means, IgE 

ADCC is potentiated to be very specific to the target sites [31], [32], [34].  

The IgE FcεRI pathway is through the phosphorylation of cytoplasmic ITAMs which 

then binds to kinases, Lyn and Syk from beta and alpha subunits, respectively. Depending on the 

nature of positive or negative activations, these signaling molecules then can have different 

effects from degranulation to mediator synthesis and increasing the expression of receptors [44].  

Mast cell desensitization limits the FcεRI activation either by exposure to low Ag doses 

or by exposure to incremental doses of Ag. This technique is used clinically to secure patients 

against anaphylaxis to foods [45]. 

IgE Independent MC Response 

Other receptors exist on MCs that can trigger their response when bound to their 

respective ligands, such as TLR2 which induces degranulation [46], [47], TLR4 which increases 

mediator production [48], dectin-1 which induces the expression of TNF-α as well as several 

other mediators [12]. The CD2 family and CD48 not only cause degranulation, but also cause 

endocytosis of bacterial cells in a caveolar dependent manner [23]. 

MCs could be activated by signals from other cells in the body as well, such as IgG 

receptor FcRI, which similar to FcεRI contains a cytoplasmic ITAM domain that becomes 

phosphorylated upon binding with the IgG protein and leads to MC activation [49]. However, it 

also contains an inhibitory IgG receptor, FcRIIB that inhibit MC degranulation through 
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immunoreceptor tyrosine-based inhibitory motif (ITIM) [23]. G protein coupled receptors 

(GPCRs) are another group of receptors on MCs that respond to either neuroregulatory peptides 

released by neurons, members of the complement system (C5a, C3a), or toxins produced by 

pathogenic organisms [46], [50]. Substance P and compound 48/80 act on a subfamily of GPCRs 

and are broadly used as non-IgE positive controls. Endothelin (ET-1) is another peptide released 

from vascular endothelium, which binds to its GPCR receptor, induces MC degranulation [51], 

[52]. 

Besides the extracellular detective receptors on the cell surface, there are multiple 

intracellular pathogen recognition pathways that lead to subsequent activation in response, such 

as NLRs, Nod1 [53], and RLRs. RLRs bind to double stranded RNA in the cytoplasm of cells 

infected by viruses causing hepatitis C, dengue and influenza A [46], through induction of NF-

kB augments gene expression [24].  

Mast Cells in Cancer Therapy 

Cell-Based Cancer Immunotherapy 

The use of autologous cells that can be targeted to tumors and controlled to release 

mediators that destroy cancer cells is an emerging therapeutic option to treat cancers[49]. From 

2017 to 2018, there was a 113% increase in the number of cell-based active agents in the global 

cancer immunotherapy pipeline[50]. This strategy of adoptive cellular transfer (ACT) is typified 

by the use of autologous, peripheral T cells engineered ex vivo to express a transmembrane 

chimeric antigen receptor composed of an extracellular, antigen-specific single-chain antibody 

and an intracellular T cell signaling domain (CAR T)[51]. The use of CAR T-cell therapies has 

been approved by the Food and Drug Administration for children with acute lymphoblastic 

leukemia and adults with advanced lymphomas[52]. Other T-cell based strategies, such as tumor-
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infiltrating lymphocyte (TIL) and engineered T cell receptor therapies are also being 

investigated[53].  Several non-T immune cells have potential anti-tumor activity. For example, 

dendritic cells (DC) loaded in vitro with specific tumor-associated antigens to generate an 

immune response for cancer-cell elimination has led to clinical trials testing safety and 

efficacy[54]. Natural killer cells (NK) can eliminate cancer cells with surface markers associated 

with oncogenic transformation and have been investigated in clinical trials in patients with 

hematological malignancies or solid tumors[55]. Peripheral blood eosinophils and neutrophils, 

containing potent mediators utilized by the immune system for pathogen destruction, have 

recently been demonstrated to have antitumorigenic activity[56, 57].   

Macrophages reside in most tumor microenvironments and have been associated with 

pro-tumor mechanisms including invasion and angiogenesis, tumor spread, and the release of 

immunosuppressive mediators and increased immunosuppression[58, 59]. Strategies to control 

tumor macrophages have resulted in numerous clinical trials in cancer patients to eliminate them 

alone or in combination with other therapies[59, 60]. Strategies to deplete macrophages are 

typified through inhibition of the CSF-1/CSF-1R signaling pathway. In general, depleting 

strategies have had limited success as unwanted removal of beneficial macrophages in non-tumor 

sights is a challenge[61]. Conversely, other studies have hypothesized the anti-tumor capabilities 

of macrophages could be exploited and examined using them as a form of ACT[62]. While 

cytotoxic macrophages proved effective in animal models, this efficacy did not translate to 

humans[63]. Recent strategies using CAR are intended to polarize pro-tumoral and 

immunosuppressive M2 phenotype to a M1 phenotype with phagocytic functions, target cancer 

specific biomarkers, and induce an adaptive immune response [64, 65]. In short, most cells being 

investigated as new platforms for cancer immunotherapy exert both pro- and anti-tumor effects. 
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Therefore, the challenges moving forward in utilizing these cells is to remove the pro-tumor 

activity and/or enhance their anti-tumor functions. A summary table on the history of cell types 

being explored or used as cancer immunotherapy is shown in Table 1. 
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Table 1. Chronological History of Cell-Mediated Cancer Immunotherapy Strategies 

Cell type Year Clinical trials Strategy for targeting Mechanism of action Targeted cancer Refs 

Bacteria cells 1891 n/a 
 

Injection of heat-killed cultures of 
bacteria into tumors to stimulate 
immune response. 

Coley’s toxins released 
through the stimulation of 
TLRs on immune cells 

Sarcoma, lymphoma, 
testicular carcinoma, 
etc. 

[66] 

T cells 
 

1974 n/a 
(First cell-
mediated cancer 
immunotherapy) 

T cells exposed to histocompatible, 
virus-infected target cells lysed 
lymphocytic choriomeningitis-
infected cells in vitro and in vivo. 

T-cell activation and 
release of perforin and 
granzymes 

Lymphocytic 
choriomeningitis  

[67] 

NK cells 1975 to 
present 

n/a Endogenous type-C viruses in 
tumor led to immune cells reactivity 
in mice.  

Tumor cell lysis with NK 
cells by secretion of IFNγ, 
TNF-α, GM-CSF, and 
chemokines 

YAC-1 lymphoma 
cell line 

[68] 

Mycobacteria 1990 
and 
1998 

FDA approved 
ORR*=50% 
PFS**=30m 

Attenuated live culture of bacteria 
injected in tumors to stimulate the 
innate immune response. 

Macrophages 
phagocytosis  

Non-muscle invasive 
bladder cancer 

[69] 

Cytolytic T 
lymphocytes  
(CTLs) 

1991 n/a  Melanoma cells transduced with 
MZ2-E were recognized and killed 
by CTLs. 

CTL activation and 
release of perforin and 
granzymes 

Human melanoma [70] 

T cell targeted 
immune- 
modulators 

1996-
present 
 

>60 FDA 
approved 
antibodies 
ORR=12%-70% 

Anti-PD-1/L1, anti-CTLA-4, 
Bispecific T-cell Engager (BiTE) 
antibodies, etc. 

T-cell activation and 
release of perforin, 
granzymes, etc. 

Colon carcinoma, 
fibrosarcoma, melanoma, 
bladder cancer 

[71] 

Antigen presenting 
cells (APC) 

2010 
 

FDA approved 
ORR= 32%  
OS*** 

GM-CSF/PAP fusion proteins 
induce APC activation and 
mobilized anti-PAP T cells. 

Stimulation of T-cell 
immune response against 
PAP and release of 
perforin and granzymes 

Prostate Cancer [72] 

 

Dendritic cell (DC) 
vaccine 

1989-
present 
 

FDA approved Immunization of mice with DC 
pulsed with unfractionated tumor 
proteins induced protective 
immunity against subsequent in 
vivo tumor cell challenge. 

Antigen presentation by 
MHC I and CD8+ T cell 
secretion of perforin, 
granzymes, etc. 

Malignant 
lymphomas stages III 
and IV, Breast 
cancers, etc. 

[73]  

 

Dendritic cells 2010-
2020 
 

Phase II 
completed 

DC pulsed with melanoma specific 
peptides or tumor cell lysate 
stimulate response to melanoma 
cells. 
 

Antigen presentation by 
MHC I and CD8+ T cell 
secretion of perforin, 
granzymes, etc. 

Brain tumors  [74] 

CAR T cells 2010-
present 
 

FDA approval 
2017 and 2018. 
ORR= 72% 
PFS=9.2 m 

T cells with chimeric antigen 
receptor to B cell CD19. 

T-cell activation and 
release of perforin, 
granzymes, etc. 

CD19+ B cell acute 
lymphoblastic 
leukemia 

[75] 

 

Neutrophils 2010-
present 

n/a The anti-tumor activity of 
alemtuzumab was shown to be 
primarily dependent on the ADCC 
mediated by neutrophils in vivo. 

G-CSF 
GM-CSF 

B-cell lymphocytic 
leukemia 

[57]  

Macrophages 2011-
present 

Used in several 
clinical trials as 
a combinatorial 
immunotherapy 

Macrophages manipulated with 
antibodies or reprogrammed with 
metabolic/epigenetic substances to 
repolarize towards an anti-tumor 
phenotype 

Downregulation of pro-
tumor cytokines; 
Upregulation of anti-
tumor cytokines  

Pancreatic, 
melanoma, ovarian 
cancer, etc. 

[76]  

Oncolytic viral 
particles 

2015 FDA approved 
ORR=16% 

Viral particles modified to express 
GM-CSF for patients with 
melanoma 

GM-CSF Metastatic melanoma [77] 

Eosinophils 2019 n/a Adoptive transfer and cytokine 
neutralizations. 

IL-5 
INFγ 

Colorectal cancer [56] 

CAR Macrophages 2020 n/a Macrophages with chimeric antigen 
receptor to HER2/neu induced anti-
tumor activity. 

Phagocytosis, 
MHC II, 
TNF, INFγ 

HER2+ ovarian 
cancer, CD19+ 
leukemia 

[78] 

 

 

*ORR: overall response rate. 

**PFS: progression-free survival. 

***OS: overall survival. 
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Challenges With Cell-Based Cancer Immunotherapies 

While the numbers of autologous cells to target and inhibit cancer cell growth in vivo 

continues, so do the unanticipated roadblocks and challenges. One challenge associated with 

CAR T cell therapies is the potentially life-threatening side-effect loosely defined as cytokine 

release syndrome (CRS). The CRS is induced by a systemic release of inflammatory cytokines 

associated with the T cell infusion and proliferation (and other T cell stimulants)[79]. Also, the 

overwhelming majority of unique tumor antigens reside inside tumors, out of the reach of cells 

targeting them. This has led to efforts to identify and optimize delivery methods such as “in situ 

vaccination” at the tumor site hypothesized to release the inner tumor-associated antigens[80-

83]. Relatedly, most tumor antigens are promiscuous being found in and on cancerous and non-

cancerous cells. This off-target phenomenon can result in serious or even fatal outcomes. An 

example of this is an early trial in which T-cells were targeted to melanoma-associated antigen 3 

(MAGE-A3) on metastatic cancers. Nervous system cells also express a similar MAGE-A12. As 

a result, T cells also invaded patients brain tissue resulting in the death of 2 out of 9 patients[84]. 

The CAR T cell target CD19 is found on normal and malignant B cells. This can lead to lower 

immune cell numbers and side effects, such as a high risk of infection when healthy cells are 

destroyed[85]. Cancer cells are readily accessible to immune cells in blood as they circulate as 

individual cells or small clumps of cells compared to much larger solid tumors. Thus, another 

consideration in ACT development is the ability of the targeted cells to enter inside the tumor 

and release their anti-tumor mediators and killing at multiple locations.  

Mast Cells in Cancer; Evidence for Both Anti- and Pro-Tumor Roles 

Just as a patient’s atopic status has no clear correlation with predisposition to cancers, the 

presence of human MCs in cancer pathogenesis is still up for debate. These cells contain toxic 
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mediators normally associated with Type I hypersensitivity and immunoregulation of innate 

immunity[86]. They are found in large numbers in and around many types of tumors and studies 

have suggested them as having a pro-tumorigenic, anti-tumorigenic, or no role in various 

cancers[1]. Mast cells possess both pro-tumor and anti-tumor mediators and it remains 

controversial as to whether they should be targets for inhibition/depletion or exploitation. Anti-

tumorigenic associations with MCs have been found in ovarian cancer, clear-cell renal cell 

carcinoma (ccRCC), B cell lymphoma, skin cancer, renal cancer, oral squamous cell carcinoma 

(OSCC), non-small-cell lung cancer (NSCLC), intestine cancer, lung cancer, melanoma, prostate 

cancer, colorectal cancer, and breast cancer (Figure 3a- these data in Figure 3 have been 

collected by Mona Motaghed, my co-author of a review paper that is under review). Patients 

with elevated MC counts had a significantly better event-free survival (EFS) compared to those 

with fewer MCs in several tumor types. Several unique phenotypic characteristics of MCs could 

contribute mechanistically to anti-tumor effects. Human MCs are unique in that they have 

prestored, releasable (through FcRI) TNF-, histamine, and tryptase within their granules. The 

biggest impediment to using TNF- as an anti-cancer agent is its systemic toxicity and strategies 

that limit its systemic distribution through local administration in patients have been 

investigated[87]. Histamine induces the differentiation of immature myeloid cells and suppresses 

their ability to support the growth of tumor allografts[88]. Increased histidine decarboxylase 

(which produces histamine) gene expression is associated with better relapse-free and overall 

survival in breast cancer patients and histamine treatment reduces tumor growth and increased 

apoptosis in xenograft breast cancer models[89]. Mast cell tryptase alters the morphology and 

reduces the proliferation of human melanoma cells[90]. In addition, we and others have 

demonstrated human MCs release copious amounts (2,500-4,000 pg/ml from 105 cells) of 
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granulocyte-macrophage colony-stimulating factor (GM-CSF); also, an anti-tumor mediator 

investigated in over 50 clinical trials[91]. Mast cells showed direct antitumor effects in vitro and 

decreased angiogenesis and recruitment of NK and T cells in vivo[92].  

In contrast, other studies have suggested a pro-tumorigenic role of MCs in different 

cancers focusing on tumor growth and metastasis (Figure 3). The presence of increased MC 

populations in certain tumor microenvironments is associated with poor patient prognosis[93-

99]. Moreover, there are correlative studies showing angiogenesis effect of MCs in some 

cancerous microenvironment[100-103]. These experimental studies investigated the 

histology/cytology/population of MCs (chymase/tryptase expression, and cell viability) in tumor 

tissues, as well as the assessment of FcRI, CD117 (c-KIT), CD45, or other MC-specific markers 

expression using immunohistochemistry, flow cytometry, immunoblotting, or RT-PCR 

techniques[1, 104, 105]. In general, most published studies that attribute a pro-tumorigenic role 

for MCs rely solely on correlation in increased MC numbers at a single time point- dependent on 

the tumor type, stage, and cancer microenvironment-and patient outcomes (Figure 3b). A 

“snapshot” analysis demonstrating an increase or decrease in MC numbers based on 

immunohistochemistry and subsequent association with a specific prognosis cannot predict if 

these cells have a beneficial or deleterious effect. Observing an increase in MC numbers 

paralleled by a poor prognosis (or vice versa) demonstrates a correlation, not a causation 

between them. Another issue surrounding the analysis of MC’s role in cancers is the conclusions 

drawn from MC knockout studies with contradictions in results observed depending on the 

model[106-108].  In some cases, a pro- and anti-tumor effect was observed in the same tumors[1, 

2, 109]. In addition, differences in MC phenotypic and functional responses between mice and 

humans have been well documented[5, 19, 107, 110-116]. For example, Fcγ receptor expression 
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and functional responses mediated by them on mouse and human MCs are vastly different[10, 

117]. Mouse MCs have a diverse and wide range of different proteases[118] while human MCs 

express only three (tryptase, chymase, and carboxypeptidase-A)[119]. Histamine is released 

from human MCs, while serotonin and histamine are liberated from these cells in mice, and both 

are responsible for physiological effects in anaphylactic reaction respectively in these species. 

Interleukin-3 has a profound effect on murine MC differentiation and function not observed with 

human MCs. Of course, cancer therapeutic strategies require animal models to determine 

efficacy of drug targets, safety, biodistribution, etc. Caution should be taken when extrapolating 

data from mouse models of cancer especially when focused on MC numbers and MC-specific 

mechanisms. 
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Figure 3. Overview of the Role of Human MC in Different Cancerous Microenvironments 

(a) 

 
 

(b) 

 
 

Note. (a) The statistical data analysis of 75 published studies on the anti- or pro-

tumorigenic role of MCs in the various human cancerous microenvironment. The y-axis shows 
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cancer types (big histogram) and MC association in different tumor environments (small 

histogram-top). The x-axis shows the number of studies in all histograms. Highlighted regions 

demonstrate anti-tumorigenic studies in each study group. (b) The Bar-Pie chart illustrates the 

overall percentage of different approaches (Descriptive, Correlative, and Experimental) to 

investigate MC’s role in various cancerous microenvironments. In all studies, Descriptive 

analysis is the primary evaluation strategy to show MC’s role in different cancer 

microenvironments. In the second step of these studies, the authors investigated either the 

Correlative, Experimental, or the combination (Correlative-Experimental) approaches, which 

leads to the conclusion of the anti or pro-tumorigenic role of MCs in the cancerous 

microenvironment. * Cutaneous T Cell Lymphomas (CTCL); clear-cell Renal Cell Carcinoma 

(ccRCC); Oral Squamous Cell Carcinoma (OSCC); Non-Small-Cell Lung Cancer (NSCLC); 

Toll-Like Receptor 2 (TLR2); Tumor Growth Inhibitor (TGI). 
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CHAPTER III: EXAMINING A NOVEL AND EASIER TECHNIQUE TO DERIVE HUMAN 

MAST CELLS FROM ADIPOSE TISSUE 

Introduction 

Mast cells are involved in innate and acquired immunity and are located in virtually all 

organs close to host-environment interfaces such as vascular and mucosal barriers, nerve 

endings, and skin[120]. They are most recognized as mediators of Type I hypersensitivity as they 

(along with basophils) uniquely store and systemically release histamine following FcRI and 

non-FcRI challenge[121, 122]. MCs also store and generate newly-formed immune mediators 

such as serine proteases, cytokines, leukotrienes, and prostaglandins[123]. 

Human MCs can be isolated from solid tissues and purified by complicated selection 

means and long-term cultures. Many studies have described the in vitro differentiation of 

primary human MCs from progenitor cells isolated from bone marrow[6-8], skin[9, 10], lung[11-

13], heart[14-16], intestine[17, 18], cord and venous blood[19-25], fetal liver[27, 28], peripheral 

blood[20, 26, 124], and uterus[19]. However, isolating peripheral tissue-derived MCs issues 

includes labor-intensiveness, low MC yield, and disruption of normal cell phenotype by 

dispersion and enrichment processes[30, 31]. Unlike other tissues, adipose tissue is more easily 

obtained as it is usually discarded after liposuction surgery, providing another source of human 

MCs for researchers. We and others have demonstrated that phenotypically and functionally 

mature MCs arise from adipose tissue[29, 30, 32, 33].  

Here, we describe an improved method to isolate MCs from human adipose. Using this 

approach, we have demonstrated that mature MCs emerge from a self-organized, 3-D structure 

from connective tissue progenitors. 
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Nineteen skin tissues and fifteen adipose tissues from healthy donors were statistically 

characterized to obtain the effect of donor age on MCs isolation following tissue digestion. 

Moreover, a population of MC progenitor spheroids (MCPS) in human adipose, skin, and lung 

tissues of healthy adults was identified, which was more frequent, and had a transient surface 

expression of CD34+ than the MC progenitor population in the blood[124]. MC progenitor 

spheroid appears to serve as the source of mature MCs in cultures from the skin, adipose, and 

lung tissue, but not from CD34-derived blood MCs. Our improved protocol is anticipated to 

expand researchers who wish to utilize human MCs in their labs.  

Methods 

Tissue Digestion and MC Progenitor Isolation 

Human adipose, skin, and lung tissues were processed under IRB approval from the 

Cooperative Human Tissue Network. Skin-derived MCs were prepared as described[125]. MCs 

were cultured at 2×105 cells/mL in plated in 24 well plates at 5×105 cells in 2 mL of the standard 

media, X-VIVO15 (Lonza, Switzerland) or Aim-V (GibcoTM, Invitrogen, USA) media with 80 

ng/mL SCF) protein.  

MCs were dispersed from human lung tissue and enriched as described previously[126]. 

A total of 1.5×107 cells were isolated from 10 g of tissue. The purity of MCs reached 47% after 

eight weeks of cell culture, as assessed with toluidine blue staining and c-KIT and Fc𝜀RI 

measurement (Data not shown). MCs were cultured at 2×105 cells/mL in RPMI medium 

supplemented with 10% CPSR-1 (Sigma, USA), 10 𝜇mol/L HEPES (StemCell Technologies), 

50 μmol/L 2-mercaptoethanol, 4 mmol/L L-glutamine, 100 U/mL penicillin, 100 μg/mL 

streptomycin (Gibco, Gaithersburg Md), and with 80 ng/mL human recombinant stem cell factor 

(SCF) protein (aa 1-189, His Tag) (SinoBiological, USA).  
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Adipose tissue was processed similar to previous described protocols[29] with the 

following differences. Tissue is weighed and placed in a sterile petri dish with 5 mL wash buffer 

(10% Hanks’ balanced salt solution (CorningTM, USA), 0.04% sodium bicarbonate, 1% HEPES 

(StemCell Technologies), 1% Heat Inactivated Fetal Bovine Serum (HI-FBS) (GibcoTM, 

Invitrogen, USA), 1% Antibiotic-Antimycotic Solution (CorningTM, USA), 0.5% Amphotericin 

B (CorningTM, USA)). Using forceps, tweezers, and scissors, tissue is minced into small pieces, 

always keeping the tissue samples wet. The minced tissue (1-2 g) is placed into 50 mL conical 

tubes, and 20 mL digestion buffer (1.5 g Collagenase Type 2 (Worthington, USA) in a 1000 mL 

wash buffer) added and placed on a rotating table at 37°C for 2 hrs.  The digested tissue is 

strained through an 8" strainer sieve, washed, and filtered digest placed in 50 mL Falcon tubes 

and centrifuge for 10 min at 360×g and 18℃.  The lipid layer and digestion buffer are aspirated 

to leave ~10 mL of buffer at the bottom of the tubes along with pelleted cells and repeat the 

process as mentioned above for each tube. To disperse the cells at the bottom of each tube, the 

bottom of the tubes is gently flicked without vortexing or pipetting. The washed pooled pellets 

are all isolated into one 50 mL tube and filtered through a 100-micron cell strainer to remove the 

large undigested pieces of tissue. Next, Histopaque (Sigma Aldrich, USA) or RBC Lysis Buffer 

(BioLegend, USA) removed red blood cells after tissue digestion. For MC filtration and isolation 

using Histopaque, prepare Histopaque solution in tissue culture hood and ensure the solution is at 

room temperature. The separation procedures with Histopaque are optimal when the Histopaque 

is between 18-20℃, with an acceptable temperature range of 18-26℃. Bring the Histopaque to 

room temperature in the tissue hood before layering cells. Then, add 25 mL of Histopaque 

solution to a 50 mL tube gently. Slowly and carefully add the tissue digestion sample to the top 

of the Histopaque solution.  Add 5 mL of cell suspension per Histopaque tube (20 mL of cell 
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suspension = 4 Histopaque tubes). Carefully take the tube to centrifuge (20 min, 500 ×g) on the 

swing bucket centrifuge. It is essential to ensure that both the brake and the acceleration are 

turned off or set to the lowest setting on the centrifuge to ensure gradient forms. Using a transfer 

pipet, slowly collect the white interface layer and some of the upper red but avoid the Histopaque 

layer with a transfer pipet and place it into a new clean 50 mL tube. To isolate MCs from red 

blood cells, RBC lysis buffer can be used as an alternative to Histopaque. RBC Lysis Buffer is 

diluted, is warmed, 25 mL added to a 50 mL tube containing 5 mL of cell solution, gently 

vortexed, and incubated at room temperature for 10-15 min. Cells are pelleted at 300 g for 5 min, 

supernatant aspirated, washed 1x with wash buffer, suspended in 5 mL culture medium, cells 

counted and plated in 24 well plates at 5×105 cells in 2 mL of the standard media, X-VIVO15 or 

Aim-V media with 80 ng/mL human SCF protein. Using each of the isolation steps (Histopaque 

or RBC Lysis Buffer), MCPS and mature MCs will be obtained after 2-7 days and four weeks, 

respectively. If the cell suspension does not contain many red blood cells, red blood cell removal 

is not necessary. Half the media is replaced approximately every ten days, and cells split when 

MCs are 50-75% confluent on the plate bottom. Toluidine Blue staining of cytocentrifuged cells 

on cytoslides was used to assess MC maturation as described previously[29].  

Flow Cytometry  

Mouse anti-human Abs to Fc𝜀RI (clone 3G6 or 3B4), c-KIT (Santa Cruz, Dallas, TX), or 

mouse IgG isotype control MOPC were added for at least 1 hour on ice, washed, and F(ab′)2-

FITC-goat anti-mouse Ab (BD Biosciences, San Jose, CA) was added for detection[10]. Flow 

cytometry was performed using a FACS Arial III (Becton Dickenson, Franklin Lakes, NJ). The 

gating procedure involved debris exclusion using SSC-A versus FSC-A, followed by 
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discrimination using relative fluorescence intensity versus cell count. The percentage change in 

intensity has been measured by subtracting each sample and the negative control (MOPC). 

Scanning Electron Microscopy 

Cocultures of ADMC and filtered BT474-1261 were treated as above, washed, and fixed 

with 2.5% glutaraldehyde and 4% formaldehyde in PBS for 2 h. Following three rinses with 

distilled water, the samples were dehydrated through a gradient series of ethanol (50, 70, 80, 90, 

and 100%), and further dehydrated using a critical point dryer (HMDS:  hexamethyldisilazane). 

Specimens were set on stubs by conductive double-sided carbon tape and covered by 12 nm 

thick gold-palladium by a sputter coater (Leica Microsystems, IL, USA). Cells were examined 

using a field emission scanning electron microscope (Zeiss Auriga FIBFESEM, Zeiss, NY, 

USA) at 4 kV. 

Time-Lapse Imaging of MCs Emerging From MCPS 

Confocal imaging was used to investigate the MCs originating from MCPS in real-time. 

MCPS were incubated with a culture medium containing 1 µM CellTracker Deep Red 

(ThermoFisher Scientific) for 30 min. MCs were washed, resuspended in warm X-VIVO15 plus 

SCF (90 ng/ml), and placed in a live cell incubator affixed to a Zeiss AXIO Observer Z1 

Spinning Disc Confocal Microscopy. A representative adipose progenitor was selected, and 

images were taken every 10 min over 24 hours. 

Statistical Analysis 

All experiments were performed in triplicate from three separate donors, and significant 

differences (p<0.05) determined using the Student t-test. JMP software was used for statistical 

analysis. 
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Results 

Optimizing Culture Conditions for MC Differentiation From Adipose Tissue 

Previously, it was demonstrated that functional human MCs could be cultured from 

adipose tissue using conditioned medium from mature skin MC cultures (CMCM)[29]. Based on 

our observation and on the fact that adipose tissue known as a source of MCPS[29, 30, 33, 127], 

we hypothesized that adipose-derived MC differentiation could be induced without a need for 

medium from separate skin digestion and culturing for obtaining MCs. In the improved protocol, 

isolated adipose-digested cells were cultured directly into conventional MC media (X-VIVO15 

plus SCF (90 ng/ml)).  As shown in Figure 4a, MC numbers derived from adipose tissue in X-

VIVO15 media plus SCF was found to be optimal compared to the adipose MCs which were fed 

with CMCM. After 8 weeks of MC culture, on average, skin tissue and adipose tissue plus X-

VIVO15/SCF yielded 5.5×105±1.1×105 and 4×105±0.06×105 per gram tissue, respectively. 

However, on average, the adipose MCs cultured with CMCM yielded considerably fewer MCs 

(2.7×105± 0.5×105 per gram tissue). 

The bundles of cells were observed in both adipose, skin, and lung-derived cultures from 

which the mature MCs appeared to emerge from. The emergence of the accumulation of cells, 

MCPS, was further investigated under different culture conditions. Figure 4b illustrates the 

MCPS size distribution four weeks after cell culture from three different tissues. Skin-derived 

cells generated more MCPS than other tissue cultured cells (650±24 per gram tissue). Moreover, 

the MCPS count in the adipose-derived cells cultured in X-VIVO15/SCF (415±40 per gram 

tissue) was higher to that of adipose-derived cells cultured in CMCM (120±23 per gram tissue). 

It should be noted that lung progenitors did not generate much mature MCs in their early stages 

after MC isolation from tissue according to the toluidine blue staining data (data not shown). 
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Figure 4. Cell Culture Characteristics: The Effect of Using Different Media in Adipose MC 

Differentiation 

(a) (b) 

   

 

(c) (d) 

 

 

Note. (a) Thirty grams of skin or adipose tissue was digested and cells seeded in 24-well 

plates, (2.5x105 cells per well) under the indicated conditions. Skin MCs were fed with X-

VIVO15 plus SCF (90 ng/ml) media and adipose MCs were fed with X-VIVO15 plus SCF (90 

ng/ml) or CMCM. Moreover, adipose MCs cultured with X-VIVO15 plus SCF, in comparison 

with adipose MCs cultured with CMCM, reached a higher population doubling level within the 

observed subculture period, indicating more rapid proliferation. MCs were counted every week 
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for eight weeks (n*=3, ± SD). (b) MCPS size distribution four weeks after cell culture. The 

size of at least 200 progenitor spheroids derived from skin and adipose tissues were separately 

measured by an Axio Imager Z2M microscope, and their size distributions are compared (n=3, ± 

SD).  (c,d) MCPS Size distribution: A comparison between (c) adipose MCPS and (d) skin 

MCPS size distribution. 200 MCPS (adipose or skin) were separately measured using an Axio 

Imager Z2M microscope (n=3, ± SD). Skin MCPS were smaller in diameter showed a higher 

MCs emerging from its progenitors. Experiments were performed in at least three independent 

replicates for three donors. 

*n: Number of donors 

The average diameter size of MCPS from adipose tissue and skin tissue was 120±79 𝜇m 

and 115±41 𝜇m, respectively (Figures 4c and 4d). Moreover, Figures 4c and 4d illustrate that the 

size range of MCPS from adipose culture was broader (55-570 𝜇m) compared to those from skin 

tissue (62-302 𝜇m). In short, while the number of MCPS derived from adipose tissue was less 

compared to skin, their size distribution was larger.  

We next investigated the morphology of MCPS using light microscopy with toluidine 

blue staining (Figures 5a, 5b) and SEM. As seen in Figures 5c and 5d, the association of mature 

MCs on and around the MCPS was confirmed in each tissue examined. SEM revealed high 

numbers of rounded MC structures ranging from 5-20 𝜇𝑚 at the MCPS outer surfaces. 

Furthermore, the MCPS contain surface protrusions, which could represent intracellular granules 

or the actin-propelled membrane protrusions in MCs[128-130]. 

The emergence of MCs from the MCPS was further investigated in real time using time 

lapse confocal microscopy. Four weeks after cell culture, the emergence of mature MCs from the 
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MCPS becomes evident as represented in Figure 5e and Supplemental Video 1. Green arrows 

point to ten mature MCs, which gradually emerged from a 450 m MCPS after 24 h. 
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Figure 5. Morphological Characterization Adipose MCPS And Skin MCPS 
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Note. Phase contrast and toluidine blue stained micrograph of (a) skin MCPS and (b) 

adipose MCPS; Adipose and skin MCPS cultures demonstrating large cell/tissue clumps from 

which MC differentiate. (c, d) Scanning electron microscopy (SEM): The images obtained by 

SEM display the morphology and surface structure of the (c) adipose MCPS and (d) skin MCPS. 

(e) The emergence of human adipose MCs from MCPS. Adipose MCPS were tagged with 

CellTracker Deep Red and placed in a live cell incubator affixed to a confocal microscope. A 

representative adipose-derived progenitor spheroid was selected, and images were taken every 10 

min over 24 h. Green arrows show MCs budding off the progenitor bundle over time. 

Experiments were performed in at least three independent replicates for three donors. 

Mast Cell-Specific Marker Emergence From Adipose Tissue 

The time course of representative MC-specific surface markers and the decline in stem-

cell markers was investigated using the new adipose MC culture protocol. Figure 6a-i represents 

the trend of changes in surface markers, Fc𝜀RIα and c-KIT, on adipose MCs. As illustrated in the 

flow cytometry data analysis (Figure 6a-i), the amount of c-KIT and Fc𝜀RI surface markers in 

early stages of cell proliferation after tissue digestion, were negligible. After four weeks of tissue 

culture, the c-KIT surface marker intensity became almost equal to the intensity of the Fc𝜀RI 

surface marker. After eight weeks of tissue culture, the intensity of Fc𝜀RI surface marker 

increased vigorously; the intensity of c-KIT changed significantly, but the signal from c-KIT was 

less than that from FcεRI. This could mean that FcεRI is more populated or expressed on the MC 

surface than c-KIT. This finding could also be due to the quality or quantity of Abs binding to 

each receptor. Further, the intensity of c-KIT marker on lung MCs was lower than that of adipose 

MCs, implying that there was a difference between skin and lung MC characteristics[131]. The 

results also showed that the lung tissue consisted of a variety of immune cells beside MCs 
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(Figure 6j). After 8 weeks of culture, there were only 30% mature MCs in the lung cell culture 

(see Figure 6j), while more than 85% of cells were MCs in adipose cell culture. Additionally, a 

large proportion of the lung-derived cells were not MCs, as evidenced by their larger size as well 

as FcεRI positive and c-KIT negative statuses.  
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Figure 6. Surface Expression of Mc-Specific Markers by Flow Cytometry 

 

Note. Adipose MCs were incubated with mouse anti-c-KIT/CD117, FcεRIα chain, or 

isotype control mouse IgG for 2 h on ice, washed, and F(ab’)2 -FITC-goat anti-mouse added for 
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detection (1 h). (A-C) are histograms taken from cells in week 0, 4, and 8, respectively. Two 

receptors, FcɛRIα and c-KIT, were detected (grey area) and were overlaid with MOPC (solid 

line). (D-F) are dot plots taken from cells in week 0, 4, and 8 respectively. Dot plots in the left 

and right are sensitized with MOPC and anti-FcɛRIα/anti-c-KIT Abs and stained with secondary 

anti-mouse FITC Ab. The boundaries show the trend in which the cells rise to higher granularity 

in the plot. It also shows that the cells only in boundaries shift to right along FITC axis. (G-I) 

show the percentage of MCs detected in the boundaries. (J) contains histograms and dot plots of 

8 weeks old cells derived from lung tissue. Boundaries show substantial shifts in FITC signal 

after staining cells against FcεRIα, however, a slight shift against c-KIT was observed. The table 

shows the percent population of lung mast cells in the cell mixture.  

Discussion 

An improved protocol to isolate human MCs has been described here as well as the 

characterization of a three-dimensional (3-D) structure from which mature MC emerges in vitro. 

This protocol produces a homogeneous MC population that is phenotypically and functionally 

similar to MCs obtained from progenitors from skin and lung expressing MC markers (tryptase, 

chymase), is reproducible, time-saving, and more economical protocol compared to other 

methods described previously[29, 30, 132]. The perpetuation of these cultures appears to depend 

on the formation of MCPS from which the mature MCs continually emerge. The overall 

morphology of the MCPS is similar to those described previously from adipose[30]. We show 

the MCPS arise from progenitors derived from connective tissue as peripheral blood-derived MC 

cultures did not form large MCPS. This suggests MCs arise from different progenitors in the 

bone marrow compared to the progenitors found in connective tissue when cultured in vitro. The 

morphology and phenotype of the MCPS were similar among the skin, lung, and adipose tissues, 
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and the mature MCs emerged from these MCPS as shown in real-time, live cell cultures. 

Interestingly, the MCPS were not CD34-positive during the first week post tissue digestion, 

transiently expressed CD34 at weeks 2-4, and lost expression for the remaining culture times.  

The MCPS express tryptase and chymase by increasing the time of in vitro cell culture. 

It was initially hypothesized that MCs were derived from an undifferentiated 

mesenchymal stem cell[133]. In 1977, Kitamura's group revealed that MCs were of 

hematopoietic stem cell origin[134] and mature MCs arise from a common progenitor depending 

on their anatomical location[135, 136]. Human MCs arise from bone marrow as CD34+[6, 137] 

and CD34+/CD117+[25] progenitor cells at an immature stage in a process highly regulated by 

transcription factors[36, 135, 137]. The MC progenitors enter the circulation as granular 

mononuclear leukocytes and are recruited into peripheral tissues with chemokines secreted by 

tissue stromal cells[31, 138-141]. However, studies of MC biology are limited due to the lack of 

reproducible in vitro human MC models. Some examples include HMC-1 (Human Mast Cell 

leukemia-1)[142], LAD2 (Laboratory of Allergic Diseases 2)[143], LUVA (Laboratory of 

University of Virginia)[144], ROSA[145], and LADR[146]. These cell lines exhibit certain 

specific similarities to primary human MCs. Still, each is fraught with issues related to variable 

Fc𝜀RI densities, functional responses to Fc𝜀RI challenge, lack of well-formed granules, slow 

growth, phenotypic drift, and more[19, 31]. Studies examining MC development, phenotype, and 

functional responses in mice differ considerably compared to human MCs[19, 107, 110, 114, 

115, 147].  For example, mouse MCs have a diverse range of proteases[118] while human MCs 

express only three (tryptase, chymase, and carboxypeptidase-A)[25, 119]. The expression and 

functional responses of MC’s Fc𝜀 receptor between two species are different[10, 117, 148] and 

mouse FcRI does not bind to human IgE[149]. Histamine is released from human MCs[140], 
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while serotonin and histamine are liberated from these cells in mice[150]. Interleukin-3 

profoundly affects murine MC differentiation and function not observed with human MCs[151-

153]. There appear to be alternative progenitor sources in mice from which cells can give rise to 

MCs in tissues such as the skin, white adipose tissue, and intestine[33, 154].  In humans, MCs 

arise from CD34+CD117+ progenitor cells. Shimizu et al. [7] isolated CD34+CD117- progenitor 

cells (from human) cultured with SCF and IL-6 resulted in monocytes/macrophage development 

while CD34+CD117+ progenitor cells gave rise to MCs. Mature MCs appear to have no near 

relative in the hematopoietic system, which strongly supports the hypothesis of a committed MC 

progenitor [130]. However, a population of distinct precursor cells or structures such as the 

MCPS described herein have not been identified to our knowledge and further defined 

differences between these species [107, 111, 124, 135, 155].  

A significant reason for these studies was to improve upon protocols to obtain large 

numbers of autologous MCs for potential use as a new strategy for cancer immunotherapy. MCs 

possess potent immune mediators and are found within tumor microenvironments. Thus, it is not 

surprising that it remains controversial whether MCs play a pro-or anti-tumorigenic role as they 

may be capable of both depending on the system employed and as only indirect studies have 

addressed this. Our research group showed adipose-derived MCs could be expanded ex vivo and 

used to target and destroy cancer cells[29]. Recently, we used the above protocol to obtain 

human MCs from adipose tissue and sensitized with tumor-specific IgE to show they could 

shrink tumors in vivo using patient-derived tumor cells implanted in immunocompromised mice 

without evidence of toxicity (manuscript submitted).  This new approach using autologous MCs 

as new cancer immunotherapy is premised on efficient, autologous production of MCs, tumor 

targeting (using tumor-specific IgEs), and controllable MC degranulation leading to the tumor-
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specific killing. The MC cultures can also be cryo-preserved indefinitely without significant loss 

of viability (data not shown) which provides further advantages for research and autologous 

applications. While cultures from adipose and skin can proliferate for up to ten months and 

produce approximately >107 MCs over that time, research to immortalize these cells for 

researchers is underway.  

In conclusion, an improved protocol for culturing human MCs from tissue is described 

that offers several advantages over current methods. A typical structure from which MCs 

proliferate in cultures from various tissue sources is described. The MCPS arise from connective 

tissues but not from CD34+ stem cells from the blood. These results provide further knowledge 

regarding MC ontogeny and another method for researchers to obtain human MCs for study. 
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CHAPTER IV: HUMAN TUMOR TARGETED CYTOTOXIC MAST CELLS FOR CANCER 

IMMUNOTHERAPY 

Introduction 

The tumor microenvironment is a complex mixture of resident stromal cells, infiltrating 

hematopoietic cells, a heterogeneous population of cancer cells, and tissue mast cells. MCs are 

unique immune cells that secrete a diverse array of biologically active compounds that can 

stimulate, modulate, or suppress an immune response. Biologics are being investigated for 

cancer immunotherapy and the number and variety of FDA-approved, humanized Abs to treat 

various cancers continues to grow[156]. While all are of the human IgG class, IgE has several 

potential advantages over IgG which has led to the development of several tumor targeted, 

humanized or chimeric IgEs with distinct anti-tumor immune responses compared to IgGs [41, 

157]. While the contribution of MCs in studies examining the anti-tumor effects of IgE have 

been largely overlooked, it is highly plausible that the IgE Fc binding to MC FcRI mediates the 

anti-tumor effects given the affinity of this interaction[158], the juxtaposition of MCs to tumor 

cells[1], and the anti-tumor mediators within MCs that are released by the interaction of IgE with 

tumor antigens[29, 159].   

These observations form the rationale for these studies: that MCs play a beneficial and 

exploitable role in cancer microenvironments. This potential anti-tumor effect from the addition 

of ex vivo derived, tumor-targeted, IgE-sensitized MCs into tumor proximity has not been 

investigated. We thus hypothesized that MCs could be polarized to direct their anti-tumor 

mediators within the local tumor habitat with a targeted release dependent on a controllable 

triggering system activated only when encountering tumor-specific antigens. To explore this 
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concept, we used both in vitro and in vivo models targeting human epidermal growth factor 

receptor 2 (HER2/neu) which is already a target for several IgG-based immunologics for cancer 

therapy[160]. We were able to demonstrate that autologous human MCs have potent anti-tumor 

properties that can be controllably released upon tumor cells engagement. The MC-induced 

apoptosis was dependent on tumor IgE, occurred in vitro and in vivo, and revealed a unique array 

of tumor genes affected by MC incubation. MCs could also be genetically manipulated to 

potentially decrease pro-tumor or toxic mediators and conversely to increase anti-tumor 

mediators. We present evidence that autologous MCs can be polarized to direct their hyper-

inflammatory, anti-tumor function as a novel strategy for cancer cell immunotherapy. 

Methods 

Kinetics of Tumor Antigen-Induced MC Mediator Release 

Blood-derived human MCs (BDMC) cultured from MC precursors in blood [161] were 

sensitized with or without 0.1 μg/ml human anti-HER2/neu IgE (from Absolute Antibody, 

Boston, MA) as described previously with ADMC and skin-derived MCs[29]. After 1 h, cells 

were washed and filtered (40 m). Then HER2/neu-positive BT474 (ATCC, Manassas, VA) or 

SK-BR-3 (SL032; Genecopoeia, Inc, Rockville, MD) cells were added at the indicated number 

and mediator release measured as described[162]. All experiments were performed in duplicate 

from three separate donors and significant differences (p<0.05) were determined using the 

Student t-test. 

Production of Luciferase-Transduced Cancer Cell Lines 

BT474 cells were infected by Cytomegalovirus ICLV1261 (CMV-Luc-GFP/BSD) 

containing Firefly luciferase, GFP and Blasticidin S resistant genes. To remove non-infected 

cells, they were incubated and washed by 20ug/ml of Blasticidin S for four times. Then the 
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incorporation of Firefly gene was examined by Luciferase Assay (Luc-Pair™ Firefly Luciferase 

Assay Kit, GeneCopoeia). 

Luciferase/GFP dual-labeled SK-BR-3 cancer cell line was purchased from 

GeneCopoeia, Inc. Rockville, MD (cat. SL032). 

Time-Lapse Confocal Microscopy 

To assess the ability of anti-HER2/neu IgE sensitized MCs to induce cell death of 

HER2/neu expressing tumor cells, MCs (1.5 x 105) were sensitized with 0.1 μg/ml of anti-

HER2/neu IgE or psIgE for 2 h. Filtered (40 m) BT474-1261 or SK-BR-3 breast cancer cells (5 

x 104) on coverslips were labeled with MitoTracker™ Red (1 μM, ThermoFisher Scientific) for 

one hour. The washed MCs were labeled with CellTrackerTM Deep Red (1 μM) for one hour, 

washed, and added to the cancer cells in medium containing 7 μM of CellEventTM Caspase 3/7 

Green (to detect activated caspase-3/7 in apoptotic cells; Invitrogen) for 1 h according to the 

manufacturers protocol. Time-lapse photography was recorded over a period of up to four days 

in a live cell chamber as described[29]. 

Maximum Tolerated Dose, In Vivo Imaging, and Efficacy of ADMC 

No studies have examined the maximum tolerated dose (MTD) of human MCs in vivo. 

To assess this MTD, female Nu/Nu mice weighing 20–28 g between 8 and 16 weeks of age were 

bred and maintained in a pathogen-free animal facility. Mice (6/group) were injected i.v. with or 

without the indicated number of cells in PBS with an insulin syringe with a 28 Ga needle and 

following isoflurane anesthesia. Serums were collected before and after injection for analysis and 

weights taken daily for comparison between control and ADMC injected mice. 

For in vivo imaging female Nu/Nu mice were implanted with 60 day 17-β-estradiol 

pellets (Innovative Research of America) subcutaneously 3 days before implantation of 
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luciferase-transduced BT474-1261 tumors. Tumors were implanted as single cell suspensions (2 

x 106 cells) into the subcutaneous sacral region or into the inguinal mammary fat pads. When 

tumors reached 200 mm3 mice were injected intratumorally or intravenously with IgE-

sensitized (0.1 g/ml for 2 h), CellBright 680-labelled ADMC using the indicated number of 

cells in PBS. For in vivo optical imaging, mice were anesthetized with inhalation of isoflurane 

mixed with oxygen, and maintained under anesthesia during imaging. The CIVIS-Spectrum 

optical imaging system with excitation filter and emission filter at 675nm, 720 nm, respectively, 

was used to conduct fluorescence imaging before and after the injection of ADMC and in vivo 

optical imaging was taken at different time points.  After each imaging session, animals were 

recovered from anesthesia and placed in the normal housing cage between imaging time 

points.  At the end of the last imaging time point, animals were euthanized and tumor tissue was 

collected for histology and flow cytometry analysis.  For 2D optical image analysis, regions of 

interest were drawn on the tumor region of each animal, and the total radiant efficiency 

(excitation normalized fluorescence signal) was measured using Living Imaging software 

(PerkinElmer, Inc.), and plotted against imaging time points.  In addition, to colocalize the 

fluorescence signal in tumor, 3D fluorescence imaging was also conducted using the IVIS-

Spectrum imaging system, followed immediately by a CT imaging using an in vivo microCT 

imaging system (Quantum-GX, PerkinElmer, Inc.) with animals kept under anesthesia in a multi-

modality imaging shuttle. The 3D optical images and CT images were co-registered to localize 

the fluorescence signal in tumor regions. 

To assess the anti-tumor effects of ADMC in tumor bearing mice, tumors were generated 

as above. When tumors reached 200 mm3, mice (4/group) were injected i.t. with PBS or 

HER2/neu sensitized ADMC (1x106) at day 0 and tumor volume and mean survival were 
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assessed. Primary tumor volumes (TV) were calculated according to the National Cancer 

Institute (NCI; Bethesda, MD) protocol [TV= (length x width2)/2], where “length” and “width” 

are the long and short diameters of the tumor mass in millimeters. The significance of the 

differences in tumor volume was determined using the two-tailed Student’s t-test and survival by 

the non-parametric Peto-Peto-Wilcoxon Log-Rank test[163]. Samples of blood were taken for 

MC mediator analysis and toxicological indicators[164]. Tumors were removed to assess the 

presence of MCs by H&E and immunohistochemistry with anti-tryptase Abs (clone G3; a gift 

from Lawrence Schwartz, VCU Health Systems) that do not cross react with mouse MC 

tryptases[165].   

Gene Expression Profiling of mRNA 

RNA sequencing was performed on BT474-1261 cells in vitro and BT474-1261 tumors 

from in vivo experiments. Anti-HER2/neu IgE or psIgE sensitized ADMC (2 x 106) were 

incubated with filtered BT474-1261 cells (1 x 106). The tumors (200 mm3) in vivo were injected 

i.t. with PBS, PsIgE, or HER2/neu IgE sensitized male ADMC. Cells or tumors were collected at 

day one and four and were washed 1 time with cold PBS. Preparations of the ADMC used for 

these experiments were from male donors and the BT474-1261 cells are female so that the up- 

and down-regulation of RNA’s is focused just on the tumor cells through gating of XY vs XX 

chromosomes. Total RNA was extracted using Qiagen RNeasy Plus Universal mini kit following 

manufacturer’s instructions (Qiagen, Hilden, Germany). Extracted RNA samples were quantified 

using Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and RNA integrity was 

checked using Agilent TapeStation 4200 (Agilent Technologies, Palo Alto, CA, USA).   
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Library Preparation With Poly-A Selection and HiSeq Sequencing  

RNA sequencing libraries were prepared using the NEBNext Ultra II RNA Library Prep 

Kit for Illumina following manufacturer’s instructions (NEB, Ipswich, MA, USA). Briefly, 

mRNAs were first enriched with Oligo(dT) beads. Enriched mRNAs were fragmented for 15 

minutes at 94 °C. First strand and second strand cDNAs were subsequently synthesized. cDNA 

fragments were end repaired and adenylated at 3’ends, and universal adapters were ligated to 

cDNA fragments, followed by index addition and library enrichment by limited-cycle PCR. The 

sequencing libraries were validated on the Agilent TapeStation (Agilent Technologies, Palo Alto, 

CA, USA), and quantified by using Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) as well as 

by quantitative PCR (KAPA Biosystems, Wilmington, MA, USA). The sequencing libraries 

were clustered on 1 lane of a flowcell. After clustering, the flowcell was loaded on the Illumina 

HiSeq instrument (4000 or equivalent) according to manufacturer’s instructions. The samples 

then were sequenced using a 2x150bp Paired End (PE) configuration. Image analysis and base 

calling were conducted by the HiSeq Control Software (HCS). Raw sequence data generated 

from Illumina HiSeq was converted into fastq files and de-multiplexed using Illumina's bcl2fastq 

2.17 software. One mismatch was allowed for index sequence identification. 

For data analysis, sequence reads were trimmed to remove possible adapter sequences 

and nucleotides with poor quality using Trimmomatic (v.0.36). The trimmed reads were mapped 

to the Homo sapiens reference genome available on ENSEMBL using the STAR aligner 

v.2.5.2b. The STAR aligner is a splice aligner that detects splice junctions and incorporates them 

to help align the entire read sequences. BAM files were generated as a result of this step. Unique 

gene hit counts were calculated by using feature Counts from the Subread package v.1.5.2. Only 

unique reads that fell within exon regions were counted. After extraction of gene hit counts, the 
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gene hit counts table was used for downstream differential expression analysis. Using DESeq2, a 

comparison of gene expression between the groups of samples was performed. The Wald test 

was used to generate p-values and Log2 fold changes. Genes with adjusted p-values < 0.05 and 

absolute log2 fold changes > 1 were called as differentially expressed genes for each 

comparison. A gene ontology analysis was performed on the statistically significant set of genes 

by implementing the software GeneSCF. The goa_human (GO) list was used to cluster the set of 

genes based on their biological process and determine their statistical significance. A PCA 

analysis was performed using the "plotPCA" function within the DESeq2 R package. The plot 

shows the samples in a 2D plane spanned by their first two principal components. The top genes, 

selected by the highest row variance, were used to generate the plot (Genewiz, South Plainfield, 

NJ).  

Construction of Lentiviral Particles and Transduction of ADMC and Adipose Stem Cells  

293T HEK cells were seeded and expanded to 12 x 15cm dishes. Once they were 80-90% 

confluent, they were transfected by plasmid mix, containing four plasmids; One plasmid was 

designed to express Green Fluorescent Protein (GFP) (Verma Lab, Salk Institute for Biological 

Studies) and three additional plasmids (pMDL, pRev and pVSVG) (Invitrogen cat. no. K4975-

00) provided the required factors for viral packaging. To make the plasmid mix, 270 μg of 

transfer vector, 176 μg of pMDL (Gag/Pol), 95 μg of pVSVG (vesicular stomatitis virus 

glycoprotein) and 68 μg of pREV, were added to 13.5 ml of 0.25M CaCl2 + 13.5 ml 2x BBS 

solution. Finally, the transfection mixture was spread in drops to each plate (2.25 ml/plate) and 

incubated overnight. Afterward, the media was removed and 15 ml of fresh DMEM + 2% FBS 

was added to each dish and incubated overnight. Next day, the supernatant from dishes were 

collected, stored at 4 C, and 15 ml fresh media was added to cells. The second harvest of 
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supernatant was collected the next day. To concentrate the viral particles ultracentrifugation was 

applied at 70,000g for 2 h at 20 C, which yielded a final concentration of 10^9 particles per ml. 

Then, MCs were seeded in a 24 well plate (10^5 cells/well). To titer the lentiviral vectors, 

different amounts of virus (5, 10, 20 and 30ul) were used to infect the cells. 

Ethics Statement 

All animal studies were conducted in accordance with the guidelines of the Guide for the 

Care and Use of Laboratory Animals of the National Institutes of Health and with the approval of 

the University of North Carolina at Chapel Hill’s Institutional Animal Care and Use Committee 

(IACUC) on protocol 09–292 and IACUC protocol 21-005 at UNCG. 

Results 

Peripheral Blood-Derived Human MCs Become Activated Through FcRI Upon HER2/neu 

-Positive Breast Cancer Cell Binding 

It has been reported that HER2/neu IgE-sensitized ADMC release anti-tumor mediators 

upon FcRI crosslinking when challenged with HER2/neu-positive BC cells (SK-BR-3 and 

BT474-1261)[29]. Another autologous source of human MCs that could be utilized for potential 

cellular-based cancer immunotherapy is the generation of human mast cells from precursors in 

peripheral blood[161]. Thus, the ability of BDMC sensitized with the anti-HER2/neu IgE to 

degranulate in the presence of BC cells was investigated. Firstly, the result from luciferase assay 

revealed that the light intensity of luciferase-transduced cells (3545 RLU/ug) was significantly 

higher than that of control non-infected cells (12 RLU/ug), which means almost 100% of BT474-

1261 cells express luciferase protein (Figure 7).  
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Figure 7. Production of Firefly Luciferase-Transduced BT474 Cell Line 

 

The HER2/neu expressing SK-BR-3 and BT474-1261 (Figure 8a) induced significant 

(p<0.05) mediator release through FcRI when co-incubated with BDMC sensitized with anti-

HER2/neu IgE (Figure 8b). The BDMC released pre-formed mediators (Figure 8b, left), as well 

as the newly formed mediators TNF- and GM-CSF (Figure 8b, right). Given that the ADMC, 

skin-derived, and BDMC respond similarly to BC-induced mediator release[29] the ADMC were 

used for subsequent studies.   
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Figure 8. Breast Cancer Cell-Induced BDMC Mediator Release 

 

Note. a. Expression of HER2/neu on BT474-1261 or SK-BR-3 cells using FACS. BDMC 

were sensitized with 1 μg/ml anti-HER/neu IgE washed, and incubated with filtered BT474-1261 

or SK-BR-3 cells and degranulation (b; left) and cytokine release (b; right) assessed. Data are 

from a single experiment representative of experiments performed on cells derived from three 

separate donors. Error bars represent SD. *p<0.05 compared with non-IgE (spontaneous) 

release. 

Scanning Electron Microscopy of ADMC Interactions With BT474-1261 Cells  

To further investigate the dependence of HER2/neu IgE in mediating the binding of MCs 

to BC cells we performed SEM to examine the nature of this interaction. As seen in Figure 9a, 

ADMC sensitized with non-specific IgE did not bind to the BT474-1261 and displayed smooth 

membranes with few membrane protrusions as determined by SEM. In contrast, the HER2/neu 

IgE-sensitized ADMC bound to HER2/neu-positive BT474-1261 cells (Figure 9b). Analysis of 

the specific interaction between the ADMC and BT474-1261 cells indicated the cells were in the 
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process of degranulation (50%-75%; data not shown) with the appearance of ruffling, 

lamellipodia-like membrane ridges, and cellular protrusions. Higher magnifications ( 2 m) 

indicate these protrusions attach to the BC cells through heterocellular, tunneling nanotube 

(TnT)-like structures. These results further demonstrate that HER2/neu IgE regulates MCs 

binding and reveals that this process involves the formation of cellular protrusions between 

FcRI-crosslinked MCs with tumor cells.  We are currently examining the significance of these 

TnT to determine if they represent a structure by which mediators and/or organelles could be 

exchanged.  

Figure 9. Scanning Electron Microscopy of ADMC and BC Cell Interactions 

Note. ADMC (1.5×105) were sensitized with 1μg/ml of non-specific IgE (a) or anti-

HER2/neu IgE (b) for 1 h, washed, and added to HER2/neu+ BT474-1261 cells (about 60% 

confluence) and incubated for 24 h at 37°C. Cells were collected, supernatants removed for β-

hexosaminidase release, and samples fixed for SEM as described above. 
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Time-Lapse Confocal Microscopy of HER2/neu IgE Sensitized ADMC Inducing Apoptosis 

of BT474-1261 Cells 

The ability of MCs to induce BC cell death in vitro was next investigated. ADMC 

sensitized with anti-HER2/neu IgE were added to BT474-1261 cells in medium containing an 

apoptosis-detecting dye and monitored over four days by confocal microscopy in a live-cell 

chamber. As expected, the BT474-1261 cell killing was dependent on the anti-HER2/neu IgE, as 

non-specific IgE-sensitized ADMC did not bind to or induce significant BT474-1261 apoptosis 

(Figure 10a) compared to those ADMC sensitized with anti-HER2/neu IgE (Figure 10a, 10d). 

Strikingly, the anti-HER2/neu IgE-sensitized ADMC appeared to penetrate and migrate through 

the cell tumor masses as seen in the time-lapse video (Supplemental Video 2). The binding of 

anti-HER2/neu IgE-sensitized BDMC to BT474-1261 cells did not induce a complete apoptosis 

of the BC cells compared to the ADMC (Figure 10c and 10d). Higher magnifications 

demonstrated the anti-HER2/neu IgE-sensitized ADMC degranulated upon binding and 

internalization into HER2/neu cancer cells as seen by the increase in granules within the tumor 

cells (Figure 10e). To further examine these early (<24 h) interactions, we found that non-

labelled BT474-1261 cells challenged with non-specific IgE-sensitized ADMC did not bind to or 

induce BT474-1261 apoptosis (Figure 10f). The anti-HER2/neu IgE-sensitized ADMC were 

observed to migrate and be internalized where they appeared to degranulate within the BT474-

1261 (Figure 10g) and SK-BR-3 (Figure 10h) cells. The formation of translucent apoptotic 

bodies within the cancer cells was evident initially at the point of MC:Tumor cell binding which 

covered the whole inner cell after 24 h. Further, the formation of apoptotic bodies appeared at 

the contact points between the MC and cancer cells, suggesting a bi-directional release of anti-

tumor mediators following FcRI activation (Figure 10h). These experiments indicate anti-
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HER2/neu-sensitized MCs bind to, penetrate, degranulate, and induce apoptosis of HER2/neu-

positive cancer cells and cell masses.  

Figure 10. Mast Cells Bind to, Penetrate, Degranulate, and Induce FcεRI-Dependent 

Apoptosis of BC Cells 
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Note. CellTracker™-Deep Red labelled ADMC (a, b) or BDMC (c) (7.5x104) were 

sensitized with 1 μg/ml non-specific IgE (a) or anti-HER2/neu IgE (b, c), washed, and incubated 

with MitoTrackerTM-Red HER2/neu+ BT474-1261 in culture medium containing a fluorescent 

apoptosis detecting dye (CellEvent Caspase 3/7; 1:100). Cells were monitored in a live cell 

chamber attached to a confocal microscope for up to 4 days. d. The amount of fluorescent 

intensity of the apoptosis dye was quantified using Image J of the average of ten fields of view at 

63x magnification (SD) e. Higher magnifications of several degranulating MCs is shown to 

illustrate the release and spreading of MC granules upon cancer cell HER2/neu-induced 

activation of FcRI. The red arrows indicate spreading MC granules within the BT474-1261 

cancer cell mass. f-h. MitoTracker™-Red labelled MCs (7.5x104) were sensitized with 1 μg/ml 

non-specific IgE (f) or anti-HER2/neu IgE (g, h), washed, and incubated with HER2/neu+ 
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BT474-1261 (f, g) or SK-BR-3 (h) cells and monitored in a live cell chamber for the indicated 

times. The red arrows indicate the dye-labelled ADMC, black arrows indicate cancer cell 

apoptotic bodies, and black circle indicates the outline of the ADMC within the tumor cell mass. 

Experiments are representative of 3 different donors. 

Mast Cells Induce Cancer Cell Apoptosis Through TNF- and Apoptosis Related Genes 

To further assess the mechanisms of how MCs induce cancer cell death the up- or down-

regulation of RNA was assessed in MCs sensitized with tumor-specific vs. non-specific IgE and 

BT474-1261 cells in vitro. As seen in Figure 11a, gene expression analysis of tumor cells 

challenged with tumor-IgE ADMC revealed a significant upregulation of several members of the 

TNF superfamily (TNFSF). This included the TNF-related apoptosis-inducing ligand 

(TRAIL/TNFRSF10), which further supports a role for FcεRI-release of TNF-α from MCs that 

induces apoptosis of cancer cells[29]. Additionally, significant upregulation of apoptotic genes 

such as TNF ligand superfamily members were observed which are targets for clinical 

development [166]. Concomitantly, the FcRI-induced activation of ADMC induced significant 

downregulation of several genes shown to be markedly upregulated in certain cancers and 

metastasis including  cystatin 4 (CST4), secretagogin (SCGN), calcitonin receptor (CALCR), 

hairy and enhancer-of-split related with YRPW motif (HEY2), and the leucine-rich-repeat-

containing G protein-coupled receptor 6 (LGR6)[167-172](Figure 11b). Gene ontogeny analysis 

confirmed significant effects on the cellular response to TNF, apoptosis, and pro-inflammatory 

pathways (Figure 11c).  
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Figure 11. Differential Gene Expression Analysis BT474-1261 Cells Treated of HER2/neu 

IgE-Sensitized vs. Non-Specific IgE-Sensitized ADMC 

 

Note. (a) Volcano plot of global transcriptional changes of BT474-1261 cells treated with 

ADMC sensitized HER2/neu IgE vs ADMC sensitized psIgE. Each data point in the scatter plot 

represents a gene. The ADMC were from male donors so that they could be distinguished from 

BT474-1261 cells by Y-chromosome gene mapping. Red and green indicate significant (P < 

0.05) differences in control vs. treated cells.  The log2 fold change of each gene is represented on 

the x-axis and the log10 of its adjusted p-value is on the y-axis. Genes with an adjusted p-value 

less than 0.05 and a log2 fold change greater than 1 are indicated by red dots (upregulated 

genes). Genes with an adjusted p-value less than 0.05 and a log2 fold change less than -1 are 

indicated by green dots (downregulated genes). (b) Top genes significantly affected by 

HER2/neu vs control ADMC. (c) Gene ontology analysis. Significantly (adjusted P-value 
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<=0.05) differentially expressed genes were clustered by their gene ontology and the enrichment 

of gene ontology terms were tested using Fisher exact test (GeneSCF v1.1-p2). 

HER2/neu IgE Sensitized ADMC Shrink HER2/neu-Positive Tumors In Vivo 

We next tested the anti-tumor activity of ADMC in vivo using a human BC cell xenograft 

model with BT474-1261. In preparation for in vivo studies, experiments were performed to 

assess the MTD of ADMC. As seen in Figure 12a, no toxicity was observed (as assessed by the 

expected normal >20% change in body weight). No other overt signs of distress (e.g. 

anaphylaxis, death) were observed in mice using up to 6x106 ADMC i.v. To assess the efficacy 

of ADMC as anti-tumor cells, luciferase-transfected HER2/neu+ BT474-1261 cells were 

implanted in immunocompromised mice then injected intratumorally (i.t.) with dye-labelled 

HER2/neu IgE-sensitized ADMC cells and visualized using a whole-body scanner. As seen in 

Figure 12b injecting tumors i.t. demonstrated that ADMC could be visualized and observed to 

shrink the tumor after 4 days. A larger experiment demonstrated for the first time that mice 

expressing HER2/neu+ tumors injected i.v. with HER2/neu IgE-sensitized ADMC have 

significantly reduced tumor size and increased survival rates (>30%) compared to those labelled 

with non-specific IgE (Figure 12c and 12d). Importantly, mice exhibited no change in respiratory 

rate or body temperature when injected with HER2/neu IgE-sensitized ADMC, consistent with 

the conclusion that IgE-activation does not induce systemic anaphylaxis. Tumors obtained at day 

4 post injection stained with H&E (Figure 12e; left) showed clear differences with large areas 

where apoptotic cells (Figure 13) and debris could be observed in the HER2/neu IgE MCs 

challenged animals that were not observed in the controls. Immunohistochemistry with anti-

human tryptase (Figure 12e, right) or control Abs (Figure 13) revealed HER2/neu IgE MCs were 

retained within tumors. Non-specific IgE sensitized MCs were sparsely found in the primary 
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tumor area but instead were observed around blood vessels in the tumor which we hypothesize is 

how these cells exit the tumor. It was verified that the psIgE ADMC did not persist within the 

tumor as did the HER2/neu IgE sensitized ADMC as measured by MC signals (Figure 12f).  

Figure 12. In Vivo Analysis of ADMC 

 

Note. a. Maximum tolerated dose of ADMC in vivo. NU/NU mice (female; 8-week-old; 5 

per group) injected i.v. with 1x106 (black), 3x106 (orange), or 6x106 (red) ADMC and mouse 

weights analyzed over time shown. No significant loss in body weight was observed to indicate 

toxicity. b-d. Tumor binding and anti-tumor activity of ADMC in vivo. Tumors were prepared by 

injecting Nu/Nu mice with 2x106 HER2+ BT474-1261 cells.  Mice were injected i.t. with 1x106 

HER2/neu (b) monitored over 7 days using 3D fluorescence imaging with an IVIS-Spectrum 

imaging system, followed immediately by a CT imaging using an in vivo microCT imaging 

system. c,d. Antitumor activity of ADMC in HER2/neu positive human BC tumors in Nu/Nu 

immunocompromised mice. Tumors were prepared as in b. When tumors reached 200 mm3, 
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mice (4/group) were injected i.t. with or without (PBS), HER2/neu or psIgE sensitized ADMC 

(2x106) at day 0 and tumor volume (c) and mean survival (d) assessed. Points, mean tumor 

volume (mm3); bars, SD. The green line represents the mean survival for each group. (e) 

Tumors obtained from mice treated as above (day 4) were incubated with H&E (left), mouse 

anti-human tryptase (middle), or MOPC (Figure 13) followed by peroxidase anti-mouse Abs. 

Red arrows are blood vessels. HER2/neu IgE-sensitized ADMC are evenly distributed inside the 

tumor tissue (bottom), while psIgE-sensitized ADMC are sparse inside the tumor tissue (top) and 

are mostly found in close vicinity of blood vessels, where they flow into the blood stream. (f) 

Quantification of ADMC numbers was assessed by monitoring the fluorescence of the CellBright 

signal in the tumors in vivo over time.  Data are represented as the mean ± s.e.m. of n = 3 

technical replicates. *P < 0.05.  
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Figure 13. Immunohistochemistry of the ADMC Distribution and Apoptosis in Breast 

Tumor Tissues 

 

Note. a) Tumors from HER2/neu IgE-sensitized ADMC were incubated with isotype 

control (MOPC) or anti-human tryptase (G3) Abs and visualized as above. (b). Tumor sections 

from animals treated as above were incubated with apoptosis-detecting Caspase 3/7 dye, washed, 

and visualized using fluorescent microscopy.  Apoptotic cells can be observed in tumors from 

HER2/neu but not psIgE tumors. 

We next used the xenograft tumor model to examine the anti-tumor mechanisms of MCs. 

The mRNA from tumors obtained from mice treated with HER2/neu IgE sensitized MCs was 

compared to those tumors obtained mice treated with psIgE-sensitized MCs. Overall, there was a 

downregulation of pro-tumor intermediates and pathways and an upregulation of those pathways 

involved in apoptosis and tumor inhibition. For example, at one day post MC infusion gene 

expression analysis (Figure 14a-c) revealed a significant upregulation of genes associated with 

therapeutic benefits associated with trastuzumab (e.g. MATK[173]), tumor suppressors 

(RGS7[174], MPPED2[175]), and tumor cell apoptosis (IL-32[176]). Similarly, at day 4 MC-

treated tumors had significant upregulation of inhibitors of angiogenesis (CNNM1[177], 
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FILIP1L[178]), tumor suppressors (VWA5A[179], SYNPO2[180], ALDH1A2[181]), and those 

found overexpressed in certain tumors with unknown function (MPV17[182]) (Figure 14d-f). 

Tumors treated with tumor-specific IgE-sensitized MCs compared to controls also had several 

downregulated signaling intermediates including those shown to promote tumor growth and 

progression in tumor microenvironments (PRSS2[183], PRSS1[184], REG4[185], 

PRKAR2B[186], NDUFA4L2[187], LRFN5[188], and ANGPTL4[189]). These signaling 

intermediates and pathways provide a unique overview of the mechanisms of MC-induced 

killing of tumor cells and work is underway to further validate and delineate the anti-tumor 

mechanisms involved.  
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Figure 14. HER2/neu-Sensitized ADMC Induce Apoptosis of HER2/neu-Positive BT474-

1261 Tumors Through a Unique Set of Gene Pathways 

 

Note. (a, d) Volcano plot of differentially expressed genes in tumors from mice engrafted 

with human female BT474-1261 cells.  When tumors reached 200 mm3, 1 x 106 HER2/neu or 

psIgE sensitized ADMC from a male human donor were injected intratumorally. Tumors were 

harvested after 1 (a) or 4 day (d) and scRNAseq was performed on the tumor samples. 

Adoptively transferred ADMC were distinguished from BT474-1261 tumors by Y-chromosome 

gene mapping. Red and green indicate significant (P < 0.05) differences in psIgE vs HER2/neu 

treated animals. Each data point in the scatter plot represents a gene. The log2 fold change of 

each gene is represented on the x-axis and the log10 of its p-value is on the y-axis. Genes with a 

p-value less than 0.05 and a log2 fold change greater than 1 are indicated by red dots 

(upregulated) and those with less than -1 are indicated by green dots (downregulated). The top 

genes significantly up or down regulated are shown at days 1 (b) and 4 (e). Gene ontology 
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analysis was performed on the statistically significant set of genes by implementing the software 

GeneSCF v.1.1-p2. The mgi GO list was used to cluster the set of genes based on their biological 

processes and determine their statistical significance. A list of genes clustered based on their 

gene ontologies was generated for tumors treated with HER2/neu IgE-sensitized vs. psIgE 

sensitized ADMC at day 1 (c) and 4 (f).  

Transduction of ADMC and Adipose Stem Cells With GFP  

Little is known about what MC mediators are responsible for the apoptosis of cancer cells 

upon FcRI activation and which contribute to anti-tumor activity. While we have demonstrated 

that TNF- is involved in in vitro killing using anti-TNF- Abs [29], this method is not optimal 

for in vivo assessment. To begin to address the question, we sought to knockout selected MC-

specific mediators to assess which mediators are anti-tumorigenic. With this information, it 

might then be possible to polarize and engineer the MCs to remove potential toxic mediators, 

while retaining anti-tumor mediators. Our first step was to determine if primary ADMC could be 

transduced. As seen in Figure 15, it is shown for the first time that primary human ADMC 

(Figures 15a and 15b) and adipose-derived stem cells (which give rise to ADMC; Figures 15c 

and 15d) maintain viability after being transduced with GFP (under the control of a CMV 

promoter) via a lentivirus system. The transduced ADMC did not lose phenotypic characteristics 

or FcεRI functional responses over four months (data not shown). Importantly, GFP-transduced 

adipose stem cells that had been cryopreserved in liquid nitrogen and reconstituted retained GFP 

fluorescence (Figures 15e and 15f). These same adipose stem cells differentiated into ADMC 

retained GFP up to four months (Figures 15g and 15h). The observation that adipose stem cells 

can be cryopreserved without losing viability has important implications for therapeutic 

application.  
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Figure 15. Transduction of Human MCs and Adipose Stem Cells With GFP 

 

Note. ADMC (a, b; 5x106) or adipose stem cells (c, d; 3x106) 3 days after infection by 20 

l of GFP-carrying lentiviral particles (4x108 Infection Unit). Mag. 20x.  GFP-transduced 

adipose stem cells yield ADMC that retain GFP fluorescence. Adipose-derived stem cells 

transduced with GFP, cryopreserved and reconstituted in stem cell medium (E, F). Culturing in 

ADMC medium for 4 months showing ADMC with GFP (G, H) Mag. 20x.  

Discussion 

The number and diversity of cells being explored for their ability to confer anti-tumor 

properties continues to increase. The most widely recognized and successful strategy of ACT is 

the use of autologous, peripheral T cells engineered ex vivo to express a transmembrane chimeric 

antigen receptor composed of an extracellular, antigen-specific single-chain antibody and an 

intracellular T cell signaling domain (CAR T) [4]. In addition to other T-cell bases strategies, the 

use of non-T immune cells are also being investigated for anti-tumor activity. For example, 

dendritic cells loaded in vitro with specific tumor-associated antigens to generate an immune 

response for cancer-cell elimination has led to clinical trials testing safety and efficacy [2, 3]. 

Natural killer cells that target cancer stem-like cells can skew the immune response toward anti-
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tumor activity and are an alternative cell type for CAR therapy [190-192]. Peripheral blood 

eosinophils and neutrophils have demonstrated anti-tumorigenic activity[193, 194]. One of the 

most promising cell types being explored for ACT are macrophages and utilizing CAR T cell 

strategies to redirect their phenotype to M1 with phagocytic functions, target cancer-specific 

biomarkers, and induce an adaptive immune response[78]. In short, most cells being investigated 

as new platforms for cancer immunotherapy exert both pro- and anti-tumor effects. Therefore, 

the challenge moving forward is to identify and utilize these cells and take advantage of current 

technologies that allow for the removal of pro-tumor activity and/or enhance their anti-tumor 

functions. Here we present evidence that this can be accomplished with ex vivo derived MCs. 

Our studies demonstrate that human ADMC have anti-tumor properties in vitro and in 

vivo and without overt signs of toxicity. These effects are observed without the need for GM-

CSF as human GM-CSF does not bind cognate mouse receptors. The studies utilized a one-time 

MC injection and the tumor volumes appeared to fluctuate in the HER2/neu IgE-sensitized 

ADMC animals which we hypothesize could be due in part to the well-documented capability of 

MCs to re-activate following FcRI activation to levels similar to what is seen in the initial 

activation[195]. Stem cell factor, the ligand for MCs expressing c-KIT, is the principal growth 

signal for MCs. While MCs derived ex vivo have a finite lifespan without SCF, they are also 

capable of autocrine SCF secretion[196, 197] and activation of KIT which may account for the 

prolonged anti-tumor effect observed with only a single injection. Of course, more frequent 

injections of ADMC may be needed for this strategy to increase the anti-tumor effects. We are 

currently investigating the optimal parameters needed to increase efficacy in these in vivo 

models.  
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One of the most controversial areas of research in MC-tumor biology is the role MCs 

have in tumor pathogenesis. While MCs may be able to shrink tumors with “natural” anti-tumor 

mediators (as demonstrated above), our strategy is to be able to increase efficacy by introducing 

other proven anti-tumor mediators (or decrease potential toxicity). While we reported that TNF-

 was involved in in vitro killing of tumor cells using anti-TNF Abs[29] it is simply not known 

what the role other mediators elicited from MCs have in apoptosis induction. Knocking out or 

knocking down histamine would be an obvious choice for selective removal and alleviate the 

widespread concerns using cytotoxic MCs for cancer therapy. However, an anti-tumor role for 

histamine has been suggested [88, 89]. If “left in” the MCs, a histamine-mediated reaction is 

immediate and could be dealt with using anti-histamines as is widely prescribed. If “taken out” 

of MCs then the anti-tumor effects may be compromised. Relatedly, MC tryptase also has an 

ambiguous role in cancer with evidence suggesting both pro-tumor and anti-tumor roles. In short, 

the unknown consequence of each MC mediator warrants studies to assess each mediator’s role 

in cancer cell apoptosis, first using specific inhibitors so that rationale strategies for translational 

gene-editing methods may be selected. With this information, it may then be possible to polarize 

and engineer MCs to remove potential toxic mediators while retaining anti-tumor mediators 

before patient infusion.  

However, primary human MCs are difficult to genetically manipulate with low yields and 

poor transfection efficiencies. Imaging BDMC degranulation using single cells subjected to 

shRNA knockdown or CRISPR–Cas9 gene editing and high-resolution confocal microscopy was 

recently described[198] but this procedure results in very low transfection efficiency using 

ADMC and skin-derived MCs (manuscript in preparation) and thus not suitable for numbers 

needed for therapeutic applications. Our strategy is thus to first determine which MC mediators 
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elicited following tumor cell-induced FcRI activation are active in apoptosis.  Then rational 

decisions can be made for more focused efforts at genetic engineering of ex vivo MCs for 

polarization into less toxic, and/or more potent, cytotoxic cells using the lentivirus system 

described above which is resistant to mobilization (safer for clinical trials), resistant to epigenetic 

silencing of non-integrating lentiviral vectors, and is a better strategy for delivery of toxic 

genes[199]. The observation that adipose stem cells can be cryopreserved without losing 

viability (Figure 15) has important implications for therapeutic strategies. This opens the 

possibility to add a wide range of anti-tumor mediators in addition to the “naturally occurring” 

anti-tumor mediators in MCs (already demonstrated to shrink tumors and extend lifespan) to 

develop a “super killing” cell for cancer (or other malignancies in which there are IgE targets) 

immunotherapy. 

These are the first reports of primary human FcRI-activated MCs forming TnT with 

tumor cells in parallel with apoptosis. The TnT have been described in multiple cell types in 

vitro and in vivo as a form of cell-to-cell communication in a variety of disease mechanisms, 

including cancer[200]. These thin plasma membrane structures connecting cells can transfer a 

wide array of molecules, including organelles and small molecules. Previous studies using the 

MC line LAD reported the emergence of TnT when co-cultured with glioblastoma cells[201]. 

These transformed, immortal cells were not challenged through FcRI as performed with 

primary human MCs described here. However, the significance of the TnT formation between 

MCs and cancer cells in vitro is still unclear. Currently we are investigating the possibility that 

mediators and/or organelles are transferred between cells, if MCs form TnT in vitro using cancer 

cell spheroids models, and in vivo using patient-derived xenograft models in 
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immunocompromised mice to determine any correlations between TnT formation and their 

ability to induce tumor shrinkage.  

The induction of MC-induced apoptosis of tumor cells appears to be bi-directional with 

apoptotic bodies forming at the junctions of the MCs and cancer cells (Figure 10). Apoptotic 

bodies are a type of small, membrane-bound extracellular vesicle that range from 50 to 5,000 nm 

in diameter that are produced from cancer cells undergoing programmed cell death[202]. These 

bodies form during plasma membrane blebbing following an apoptotic signal and can release 

them as extracellular vesicles that can carry nuclear fragments and cellular organelles such as 

mitochondria and endoplasmic reticulum for further immune responses[203]. In addition, MCs 

clearly migrate through tumor cell bundles and become activated (Figure 10 and Supplemental 

Video 2), suggesting they have the ability to enter tumors to release their mediators. This is 

intriguing as most ACT strategies are not as effective on solid tumors as they are not able to 

penetrate the outer cell layer.   

Our results suggest TNF- plays a significant role in the MC-induced apoptosis of cancer 

cells. To reduce toxicity associated with systemic TNF administration or release beyond the 

tumor milieu remains a problem which could be addressed if specific and directed release to 

cancer cells could be attained. Clinical trials utilizing systemic TNF- administration have 

resulted in unacceptable level of toxicities, which blocked its development. In contrast, localized 

administration of TNF- in the form of isolated limb perfusion have yielded excellent results in 

soft tissue sarcomas. Our strategy using cytotoxic MCs with pre-made TNF- within the 

granules is exactly what is needed for utilizing TNF- as an anti-cancer agent; targeted, 

localized, and controlled release only upon tumor cell engagement. In fact-we provide evidence 

that this pre-formed mediator is released within the tumor cells further enhancing its effect 
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(Figure 10 and data not shown) and thus prevention of the problems encountered with systemic 

release.  

The gene analysis of mRNA within tumor cells affected by cytotoxic MCs revealed a 

plethora of information suggesting a completely new and diverse mechanism of tumor cell 

killing. In general, there was a significant upregulation of genes previously demonstrated to have 

anti-tumor activity and downregulation of many having pro-tumor involvement. For example, 

TNF-related apoptosis-inducing ligand (TRAIL) is a potent stimulator of apoptosis, especially on 

tumor cells, making them excellent therapeutic targets for cancer[204]. Cytotoxic ADMC 

upregulated several TRAIL receptors (e.g. TNFRSF10) on tumor cells suggesting MCs could 

provide external triggers for apoptosis. The NADH dehydrogenase 1 alpha subcomplex, 4-like 2 

(NDUFA4L2) is important in metabolic reprogramming and oxidative stress in multiple cancers 

and was significantly downregulated (2.5 fold) in tumors challenged with MCs. Reduced 

expression through lentivirus knockdown led to a significant enhancement of tumor cell 

apoptosis in vitro and in vivo[187]. We found a significant downregulation (1.4 fold) of the 

SERPINA1 gene whose expression is upregulated and is a marker of poor prognosis for several 

cancers[205]. We found MPPED2 was significantly upregulated (2.0 fold) and previous studies 

have shown it to be a potent tumor suppressor involved in the downregulation of breast 

carcinogenesis[175]. We are currently following up on many of these targets affected by 

cytotoxic MCs to understand their role in tumor cell apoptosis and function. 

Similar to those cell types mentioned above being investigated for ACT, MCs have pro- 

and anti-tumor mediators which has led to speculation and conjecture as to their role in cancer 

pathogenesis. Depleting or stabilizing MCs has been hypothesized to enhance anti-cancer 

mechanisms[206]. As with MCs, it was hypothesized that their removal and/or inhibition was 
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also a plausible strategy for anti-cancer therapeutics[207]. Now, MCs are at the forefront of 

translational ACT research and are poised to become another cell in the arsenal of cancer cell 

immunotherapies[62]. Of course, there are a myriad of logical concerns and arguments as to why 

ACT with MCs is a challenging strategy. Yet, similar arguments against CAR T were also raised 

even up until clinical trials ensued which resulted in the now manageable cytokine storm driven 

by IL-6[208].  

Personalized medicine using a cancer patient’s own immune system to direct anti-tumor 

effects is an exciting and growing area of research.  MCs possess anti-tumor mediators and can 

be obtained from autologous sources. We exploited the availability of tumor-targeting IgEs that 

arm the MCs for highly efficient and controlled release upon tumor cell engagement that results 

in tumor shrinkage and lifespan extension without the systemic release of Type I hypersensitivity 

mediators. We have revealed a strategy to identify which MC mediators are responsible for 

tumor regression and those that are not so that gene transfer methods can polarize MCs to be 

more potent anti-cancer cells with less potential toxicity potential. The significant anti-tumor 

activity by MCs revealed a heretofore undescribed effect on increasing tumor cell suppressor 

genes and decreasing pro-tumor genes. This autologous MC platform has thus the potential to be 

used against many cancers for which tumor IgEs are available or could be manufactured.  
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CHAPTER V: THE INVOLVMENT OF MAST CELLS IN CANCER THERAPY IN 

COMPARISON TO OTHER KNOWN STRATEGIES FOR ADOPTIVE CELL TRANSFER 

Allergy, Cancer Risk, and the Emergence of Tumor Targeting IgEs for Immunotherapy 

Epidemiological studies investigating a correlation between atopic disease (e.g. serum 

IgE levels) and several types of cancer have demonstrated either a protective role or as a risk 

factor depending on the location [209-211]. For example, most epidemiological studies 

demonstrate that atopy is linked to an increased risk for lung cancer[209]. Conversely, other 

studies have suggested a reduced risk for pancreatic cancer, childhood leukemia, breast cancer, 

and brain tumors. The retrospective epidemiological observations that dominate the literature in 

general evaluated self-reported allergy histories and risks of cancer. Only a few studies have 

estimated allergies in patients with cancer based on the results of an allergy diagnosis (i.e., total 

IgE measurements and skin prick tests)[212]. Despite the lack of convincing epidemiological 

evidence linking atopic status to cancer risk, other studies have attempted to understand potential 

mechanisms linking allergy to cancer. One hypothesis proposes a protective function for atopies 

against cancer via “immunosurveillance” in which overstimulation of immunocompetent cells as 

a result of contact with an allergen induces IgE Abs that may have a (yet undefined) cytotoxic 

influence on cancer cells[212]. It has also been speculated that the physical effects of allergic 

reactions in some tissues may clear mutagenic triggers before malignant transformations can 

occur. Conversely, it has been hypothesized continuous and chronic infection accompanied by an 

allergy may induce the production of free oxygen radicals, which may encourage 

oncogenesis[212]. Clearly no clear mechanism has been established to suggest a patient with 

atopy is at an increased or decreased risk of developing cancer. 
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The development of atopy is defined by the generation of IgE which binds FcRI on MCs 

and basophils with high affinity (Ka = 1010 M-1)[213] to induce allergic mediator release when 

encountering allergen. Tumor targeting IgEs are being developed in attempts to harness the 

diverse innate responses mediated through IgE (e.g. parasite expulsion), the success of targeting 

cancer tumor markers with IgG as a therapeutic strategy, and the epidemiological evidence 

suggesting a protective role for atopy against cancer[41]. This isotype has several potential 

advantages over IgG antibodies approved by the FDA on the market to treat various cancers.  

Currently, there are over 10 humanized IgE antibodies targeting tumor antigens developed and 

studied with in vivo cancer models including breast cancer (Tables 2 and 3).  
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Table 2. In-vitro Studies of IgE Dependent Cancer Immunotherapy 

Year Recombinant 
IgE 

Name Effector cells against cancer cells Target cancer Ref. 

1991 Anti-HIV 
gp120  

n/a Human blood basophils and using IgE pathway for cancer 
immunotherapy 

H2712 mouse 
mammary 
carcinoma 

[214] 

1999 Anti-FRα  MOv18 IgE Human basophils and platelets against IGROV1 cell line Ovarian carcinoma [215]  

2003 Anti-FRα  MOv18 IgE Monocytes, eosinophils against human ovarian carcinoma 
cell line IGROV1 

Human ovarian 
cancer 

[216] 

2008 IgE from 
patient 

n/a Peripheral blood mononuclear cells against HPAC cell line Human pancreatic 
cancer 

[217] 

2009 Anti-
HER2/neu 

Trastuzumab 
IgE  

Monocytic cell line U937 against SK-BR-3; Rat basophilic 
leukemia MCs (RBL-SX38) expressing human FcɛRI, 
against murine colon adenocarcinoma cell line CT26-
HER2/neu 

Human HER2/neu 
positive breast and 
colon cancers 

[47] 

2011 anti-FRα  MOv18 IgE RBL SX-38 against ovarian carcinoma IGROV-1 cell line Ovarian carcinoma [218] 

2012 Anti-EGFR Cetuximab IgE  Purified human monocytes and MCs, U937 and RBL-SX38 
cell lines against EGFR epidermoid and breast cancer cell 
lines 

Human breast cancer 
and epidermoid 
carcinoma 

[219] 

2012 Anti-hCD20 n/a Primary human MCs and eosinophils derived from umbilical 
cord blood against VU-3C6 hybridoma and OCI-Ly8 
lymphoma cancer cell lines 

Human B-cell non-
Hodgkin lymphoma 

[159] 

2012 Anti-
HER2/neu 

C6MH3-B1 MCs of transgenic mice strains that express human FcɛRI 
against murine mammary carcinoma cells that express human 
HER2/neu (D2F2/E2) 

Breast and ovarian 
cancer 

[40] 

2013 Anti-PSA AR47.47 IgE RBL-SX-38 cells sensitized with anti-PSA IgE and 
challenged with PSA or artificial molecules containing 
multiple epitopes of PSA 

Human prostate 
cancer 

[45] 

2017 Anti-FRα  rMOv18 IgE/ 
IgG2b  

RBL-2H3 targeting WAG adenocarcinoma and ovarian 
tumor 

FRα+ cancers  [46] 

2019 Anti-
HER2/neu 

Trastuzumab 
IgE / 
C6MH3-B1 IgE 

Human primary skin/adipose derived MCs against breast 
cancer cell lines 

Breast cancer [29] 

 

Table 3. In-vivo Studies of MC/IgE Dependent Cancer Immunotherapy 

Year  IgE Name Animal Anti-tumor mechanism/details Target cancer Ref. 

1999 Anti-hFRα  MOv18 IgE Mouse Human peripheral blood mononuclear cells 
(PBMC) against IGROV1 

Human ovarian 
carcinoma 

[215]  

2012 Anti-hHER2/neu C6MH3-B1 Mouse Mast cells of transgenic mice that express 
functional human FcɛRI against D2F2/E2 

Human breast and 
ovarian cancer 

[40] 

2012 Chimeric mouse-
human anti-
hMUCI 

n/a Chimeric 
mouse-human 

Administration of anti-hMUC1 IgE significantly 
reduced growth of MUC1+ tumors in hFcɛRI 
transgenic mice 

Human breast 
carcinoma 

[159] 

2013 Anti-hPSA AR47.47 IgE Mouse Mice immunized with PSA alone or in 
combination with anti-PSA IgE demonstrated 
effector cells’ activation but not systemic 
anaphylaxis 

Human prostate 
cancer 

[45] 

2014  Anti-hFRα  MOv18 IgE Cynomolgus 
monkey 

Human and monkey PBMC against human U937 
and IGROV1 cell line 

Human ovarian 
carcinoma 

[220] 

2015 Anti-hFRα  MOv18 IgE Human In clinical trials phase I since 2015 Human ovarian 
cancer 

[221] 

2016 Anti-hHER2/neu Trastuzumab/ 
cetuximab IgG  

Dog HER-2 mimotope vaccines used in canine to 
assess safety and efficacy 

Human HER2 
positive breast 
cancer 

[222] 

2017 n/a n/a Mouse Mice lacking multiple MC proteases (e.g. 
tryptase) exhibited higher extent of melanoma 
colonization compared to wild type animals 

Mouse melanoma  [223] 

2017 
 

Anti-hFRα  hMOv18 
IgE/IgG2b  

Immunocompe
tent rat 

Anti-folate receptor-α IgE, but not IgG recruits 
macrophages to attack tumors via TNF-α/MCP-1 
signaling 

Human FRα+ 
cancers such as 
ovarian 

[46] 

2019 Rat anti-hCSPG4 
IgE 

n/a Rat Immunocompetent mice bearing CSPG4+ tumor 
received systemic doses of IgE  
 

Human melanoma, 
glioblastoma, and 
breast carcinoma 

[224] 
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Of note, an IgE specific for the folate receptor alpha (FRα) was demonstrated to have 

anti-tumor effects in vitro and in vivo and the first clinical trial demonstrated safety and 

efficacy[225, 226]. Specifically, the survival of FRα-positive xenograft-bearing mice was 

increased in the presence of monocytes[216]. Further, in an immunocompetent syngeneic rat 

tumor model, systemic treatment with MOv18 IgE induced TNF-α and IL-10 upregulation in 

tumors and significantly upregulated TNF-α, MCP-1 and IL-10 levels in the bronchoalveolar 

lavage (BAL) fluid[227]. Further in vitro studies examined the anti-tumor mechanism of IgE and 

demonstrated pro-inflammatory signals and tumor cell killing by human monocytes. In each of 

these studies the mechanistic focus was on IgE-monocyte-mediated anti-tumor effects via IgE 

Fc-mediated ADCC. 

Could MC Be Responsible for the Efficacy of Anti-Tumor IgEs? 

The FcRI on MCs and basophils bind IgE with high affinity (Ka = 1010 M-1), are present 

in high numbers (>1 x 105/cell), require only 100 receptors for full activation, and surface 

expression of this receptor is dependent on serum IgE levels[213, 228]. Yet, the mechanisms 

underlying the anti-tumor effects of therapeutic IgEs are mostly attributed to monocyte and 

macrophage infiltration[46]. The role of MCs in the anti-tumor effects observed in these in vitro 

and in vivo studies were not thoroughly examined. This hypothesized mechanism seems counter-

intuitive to current evidence that demonstrates tumor-infiltrating myeloid cells promote, rather 

than stop-cancer progression[59]. Also, the expression of FcRI on primary human monocytes 

has been reported to be rare (<10% in non-atopic patients)[229] or not at all[230] (QUOTE 

FROM PAPER “whereas FcεRI- monocytes from healthy donors failed to do so (data not 

shown)”), compared to primary human MCs and their expression level is 10–100-fold less than 

observed for peripheral blood basophils from the same subjects[229]. 
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While monocytes can be manipulated to increase FcRI expression in vitro [227], it is 

unknown if primary human tissue macrophages even express FcRI. Here another difference 

between species has led to confusing results in rodents suggesting macrophages can induce 

anaphylaxis in mice; a phenomena not described in humans[231, 232]. 

Monocytes drastically change their phenotype upon tissue entry where they mature into 

macrophages[233]. We cannot assume the expression of IgE receptor will stay the same after 

entry and maturation in the tissue.  We have found no expression of FcɛRI on human monocytes 

or macrophages [234] using anti-FcεRI Abs (3B4). Others have shown human tissue 

macrophages do not express FcɛRI[235, 236]. Indeed this later study showed that the responses 

of human alveolar macrophages to IgE in vitro[237, 238] is most probably mediated by (FcεRII) 

which has lower affinity for IgE, distinct functionally from FcɛRI[239, 240], and explains the 

RBC-rosetting most of these older studies used to determine IgE binding[241, 242]. Thus, the 

likelihood of IgE binding to monocyte-derived, tissue macrophages with unknown FcRI 

expression seems low given MCs (with almost 100% FcRI expression[29]) are as abundant or 

more abundant depending on the tumor type. Further, the rodent form of IgE MOv18 reduced 

lung metastases in a syngeneic rat tumor model expressing human FRα which was attributed to 

TNF-α, IL-10, and MCP-1 released by MOv18-triggered monocytes[46]. However, the cytokine 

profile induced in BAL by MOv18 (TNF-α, MCP-1, and IL-10) could very likely be from lung 

MCs which we and many others have shown produce these cytokines upon FcRI 

stimulation[29, 151, 243-245]. We propose the binding of tumor targeted IgE Fc to MC FcRI 

and subsequent triggering of this receptor upon tumor engagement mediate the anti-tumor effects 

given the demonstrated high amounts of FcRI on primary human MCs in the tumor milieu[246], 
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the affinity between this interaction[158], the juxtaposition of MCs in all cancers[1], and the 

anti-tumor mediators released from MCs[247] described in depth below.    

Studies Using Tumor Targeting IgEs and MCs 

Attempts to utilize anti-tumor mediators from MCs for cancer cell targeting was first 

examined using a mouse–human chimeric IgE specific for CD20 and the epithelial antigen 

MUC1. Cord blood-derived MCs sensitized with anti-hCD20 IgE are cytotoxic to CD20 tumor 

cells in vitro[159]. We used ADMC sensitized with human anti-HER2/neu IgE which bound to 

and released MC mediators when incubated with HER2/neu-positive human breast cancer cells 

(SK-BR-3 and BT474) resulting in TNF-α mediated, tumor cell apoptosis. Importantly, 

monomeric (shed) HER2/neu and serums from HER2+ breast cancer patients did not induce 

ADMC degranulation, suggesting that such an interaction will not trigger systemic 

anaphylaxis[29]. 

Advantages of AMCIT as a New Cancer Immunotherapy Approach 

Autologous MC-based cancer immunotherapy (AMCIT; Figure 16) is an innovative and 

unique method. No other MC-based approach for cancer immunotherapy has been advanced or is 

under development. There are multiple advantages of our technology: 

1) Our recent discovery shows for the first time that mature, functional, autologous MCs 

can be obtained from patients.  We will investigate a heretofore unidentified, new treatment for 

BC using MCs. Importantly, these MCs can be obtained in quantities necessary for patient 

infusion.  

2) The availability of published information on IgE Abs of the human IgE class are 

available and to be tested herein. This includes trastuzumab IgE (humanized), C6MH3-B1 IgE 

(fully human) that bind different HER2/neu [47], MOv18 that binds FRα [46, 47, 248, 249], and 
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rituximab IgE (fully human) that binds CD20 (InvivoGen). With at least three IgE Abs to detect 

separate tumor targets (HER2/neu, FRα, and CD20), including two anti-HER2/neu Abs that each 

target different epitopes, co-targeting becomes possible, and is likely more efficacious than 

targeting a single epitope.  

3) The in vitro incubation of MCs with IgE (for targeting) allows for the saturation of 

FcεRI binding, which maximizes the ability to target. It is important to stress that the binding of 

IgE to FcεRI is very stable[250].  

4) The activation of MCs will result in acute inflammation in the tumor 

microenvironment and killing of cancer cells due to the release of multiple mediators such as 

TNF-α, GM-CSF, ROS, prostaglandin D2, IL-9, and heparin [1, 251, 252], as well as those 

genetically introduced mediators, decreasing the chances of tumor escape. The presence of dead 

tumor cells would allow the effective uptake and presentation of tumor antigens by antigen 

presenting cells. For example, DC elicit an adaptive broad-spectrum long lasting cellular immune 

response not only to HER2/neu but also to other tumor antigens due to epitope spreading. This 

would increase due to MC’s local release of GM-CSF [162, 253] and potentially due to the 

release of suppressors of regulatory T-cells function, as reported for IgE degranulation in murine 

MCs [254].  

5) It is possible to add more anti-tumor mediators to targets described above 

via lentivirus delivery. This delivery is similar to the CAR-T cell approach, in which ADMC are 

manipulated ex vivo to increase their anti-tumor properties.  

6) There is potential to circumvent challenges associated with current adoptive cellular 

strategies (of which CAR-T again serves as an example). Some of the insufficiencies of current 

strategies are that hyperactive T cells can spiral out of control, creating a “cytokine storm” that is 
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associated with systemic cytokine release, the lack of an “expendable” tumor target (not 

expressed on normal cells e.g. CD19)[255], and the lack of expansion and persistence of 

autologous cells (e.g. as with NK cells)[256]. 
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CHAPTER VI: CONCLUSIONS AND FUTURE DIRECTIONS 

Adipose Tissue as a Competitive Source of Primary Human MCs 

MCs have now been established as eminent immune cells connecting innate and adaptive 

immune responses, as well as connecting the immune system with the nervous system, with 

multipurpose physiological functions[257-259]. However, there are different MC sources, and 

disease models have been used that do not always reflect the human situation[19]. Moreover, 

there are confusion and inconsistent findings in the field of MC biology since non-human MC 

and human MC studies are incompatible[19, 114, 260]. More importantly, the results from non-

human MC studies are not easily transferable to the human situation. Several functional 

differences between human and non-human MCs have become evident during the past few years; 

however, the main difference so far is the large amount of information that we have on non-

human MCs compared with our limited knowledge of human MCs. Thus, MC sources need to be 

indicated in experimental studies, and data derived from a particular MC source should not be 

generalized to MCs as a whole[19]. 

Although our understanding of MCs development has increased, there are significant 

gaps in command of the ontogeny of MCs. Therefore, a fundamental goal in MC research must 

be to establish further appropriate human in vitro and in vivo models for MCs and MC-associated 

diseases, as well as new research tools applicable to the human system such as in vivo cell 

imaging, MCs knockout by specific and safe drugs, and mediator and cell tracking. 

Consequently, the focus of this study was on characteristics of human adipose MCPS and 

generating MCs from adipose MCPS, in vitro, to achieve a complete understanding of MC 

function in pathophysiology and physiological homeostasis.  
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Will MC Be Added to Growing List of Tumor-Targeting Cellular Immunotherapy?  

As discussed above the variety of cell types being investigated as new strategies for 

cancer immunotherapy continues to grow. Mast cells are similar to tumor associated 

macrophages as discussed above in that both have both pro- and anti-tumor capabilities and 

correlative studies led to assumptions regarding their role in various cancers[65]. Because of this, 

initial efforts were aimed at depleting or repolarizing these cells as a therapeutic, anti-tumor 

strategy. Mast cells are presently at this apparently contradictory position in which rationale 

arguments could be made for inhibiting their numbers in the tumor milieu or increasing their 

numbers and harnessing their natural anti-tumor mediators within them. Yet in our opinion 

informed decisions as to deplete, increase, or repolarize them cannot be made until more studies 

assess their functional role in cancer models. As with human macrophages, human MCs may 

need to be “repolarized” from a Type I hypersensitivity-associated cell type to an anti-cancer one 

through up or down regulation of certain mediators. To this end, transfection/transduction of 

primary MCs has only recently been achieved using human peripheral blood derived MCs[198]. 

We have identified the conditions that will now allow us to manipulate MCs so that maximal 

anti-tumor activity is conferred and/or potential deleterious mediators can be deleted (manuscript 

submitted). As such, harnessing anti-tumor MC mediators through phenotypic reprogramming to 

less Type I hypersensitivity-driving mechanisms is a distinct possibility.  

We propose human MC as another cell type to be used in ACT for cancers in which 

tumor specific IgEs are available or could be made. To do this, autologous MCs could be 

obtained from adipose tissue or peripheral blood and expanded ex vivo. Anti-tumor capabilities 

are increased or deleterious mediators downregulated during expansion. FcRI-positive MCs are 

then sensitized with IgE targeting antigens found on tumors. The tumor targeting MCs are then 
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injected into the patient and become active upon FcRI-IgE crosslinking. This autologous MC 

cancer immunotherapy (Figure 16) will result in the release of anti-tumor mediators within the 

tumor milieu (see graphical abstract). Indeed, recently we have used adipose derived human 

MCs, sensitized with human IgE recognizing the breast cancer antigen HER2/neu showed anti-

tumor activity in immunocompromised mice with HER2/neu-positive human breast cancer 

tumors (manuscript in preparation). Human GM-CSF is not active in mice[261] and therefore the 

anti-tumor effects we have observed is expected to be stronger in humans in which GM-CSF 

would be fully active[262]. This approach may enhance anti-tumor immunity through epitope 

spreading of cancer antigens. Importantly, this strategy may spurn new areas of research through 

transformation or manufacturing of tumor-targeted IgEs. Harvesting adipose tissue from patients 

is not difficult, commonly performed, and increasingly being used for a wide variety of clinical 

applications[263, 264]. Recently, we have demonstrated peripheral blood, CD34-positive stem 

cell derived MCs also have anti-tumor activity providing a second source of autologous MCs 

(data not shown). 
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Figure 16. Autologous Mast Cell Cancer Immunotherapy; A New Platform for Cancer 

Therapy 

 

Future Directions  

While the role of MCs in all cancer pathogenesis is still unclear, future studies are needed 

to examine if ex vivo-derived MCs possess anti-tumor capabilities. Questions remain regarding 

the possibility of systemic MC activation, although preliminary results suggest this does not 

occur (unpublished observation). However, should systemic MC activation occur, prophylactic 

anti-histamines could be administered, as is common practice [265-268]. An alternative clinical 

strategy could be to first add IgE, followed by the MCs. Antigen levels on target cells may vary 

in patients, which could minimize cell targeting and activation. It is not anticipated that high 

levels of antigen will be needed, as human MCs require only 100 FcRI receptors to aggregate 

for a full activation response[228] and all FcRI will be saturated so that patient IgE binding will 

not occur. Shed antigen in serum may also “mask” the MC-bound IgE without inducing 
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degranulation, however blocking future binding. That said, this remains unlikely given the in 

vivo studies using IgE antibodies to tumor antigens do not suggest masking[38, 47, 269].  

There are myriad reasons to speculate on the many potential roadblocks that could arise 

during the development of the AMCIT as a new cancer immunotherapy strategy. But it is 

important to highlight similar misgivings, inaccurate predictions, and major setbacks in the early 

years of CAR T-cell therapy[208, 270, 271]. The emergence of CAR-T immunotherapy was met 

with skepticism and progressed only gradually based on incremental insights over many years. 

Even though unexpected toxic effects in Phase 1 studies can quell any new therapy, the 

unfortunate reality is that it can take time to distinguish toxic effects as was the case in the first 

CART-19 trials[208, 272, 273].  The point is that it is impossible to predict what, if any, side 

effects might occur in vivo with ADMC until studies to assess their role are performed. We 

believe the need for novel therapies that bring new mechanisms to combat cancer pathologies are 

important to investigate given the continued morbidity and mortality associated with this disease. 
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