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The diversity of autologous cells being used and investigated for cancer therapy continues
to increase. Mast cells (MCs) are tissue cells that contain a unique set of anti-cancer
mediators and are found in and around tumors. We sought to exploit the anti-tumor
mediators in MC granules to selectively target them to tumor cells using tumor specific
immunoglobin E (IgE) and controllably trigger release of anti-tumor mediators upon tumor
cell engagement. We used a human HER2/neu-specific IgE to arm human MCs through
the high affinity IgE receptor (FceRI). The ability of MCs to bind to and induce apoptosis of
HER2/neu-positive cancer cells in vitro and in vivo was assessed. The interactions
between MCs and cancer cells were investigated in real time using confocal
microscopy. The mechanism of action using cytotoxic MCs was examined using gene
array profiling. Genetically manipulating autologous MC to assess the effects of MC-
specific mediators have on apoptosis of tumor cells was developed using siRNA. We
found that HER2/neu tumor-specific IgE-sensitized MCs bound, penetrated, and killed
HER2/neu-positive tumor masses in vitro. Tunneling nanotubes formed between MCs
and tumor cells are described that parallel tumor cell apoptosis. In solid tumor, human
breast cancer (BC) xenograft mouse models, infusion of HER2/neu IgE-sensitized human
MCs co-localized to BC cells, decreased tumor burden, and prolonged overall survival
without indications of toxicity. Gene microarray of tumor cells suggests a dependence on
TNF and TGFb signaling pathways leading to apoptosis. Knocking down MC-released
tryptase did not affect apoptosis of cancer cells. These studies suggest MCs can be
polarized from Type I hypersensitivity-mediating cells to cytotoxic cells that selectively
target tumor cells and specifically triggered to release anti-tumor mediators. A strategy to
investigate which MC mediators are responsible for the observed tumor killing is
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described so that rational decisions can be made in the future when selecting which
mediators to target for deletion or those that could further polarize them to cytotoxic MC
by adding other known anti-tumor agents. Using autologous human MC may provide
further options for cancer therapeutics that offers a unique anti-cancer mechanism of
action using tumor targeted IgE’s.
Keywords: breast cancer, mast cell, IgE, FceRI, TNF-a, AllergoOncology, adoptive cellular transfer, cell-based
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) arising
from hematopoetic progenitors. Mast cells are unique immune
cells that secrete a diverse array of biologically active compounds
that can stimulate, modulate, or suppress an immune response.
The role of MCs in most forms of cancer has been investigated
and depending on the model and experimental design, they
appear to exhibit either a pro- or anti-tumorigenic role (1–4).
This is due in part to observational/correlative studies performed
in humans and contradictory roles concluded from rodent MC in
vivo models given the known differences in human vs. murine
MCs (5, 6). Increased histamine decarboxylase gene expression,
responsible for MC histamine expression, is associated with
better relapse-free and overall survival in breast cancer (BC)
patients (7). Histamine thus reduces tumor growth and increases
apoptosis of cancer cells in vivo (8). Further, humanMC granules
contain stored, releasable (through FcϵRI) tumor necrosis factor
alpha (TNF-a) (9). In addition, we and others have
demonstrated that human MC release significant amounts
(2,500-4,000 pg/ml from 105 cells) of granulocyte-macrophage
colony-stimulating factor (GM-CSF) upon FcϵRI exposure (10).
This is relevant as both TNF-a and GM-CSF suppress tumor cell
proliferation, induce tumor regression, enhance anti-tumor co-
therapies, and have been investigated in over 50 clinical trials
(11, 12).

Biologics are being investigated for cancer immunotherapy and
the number and variety of FDA-approved, humanized Abs to treat
various cancers continues to grow (13). 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 IgE’s with distinct anti-tumor immune responses
compared to IgG’s (14, 15). 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-
FceRI mediates the anti-tumor effects given the affinity of this
interaction (16), the juxtaposition of MCs to tumor cells (17), and
ast cancer; ADMC, Adipose-Derived
ived mast cells; HER2/neu, Human
I, High affinity receptor for IgE; IgE,
owth factor; TNF-a, Tumor necrosis
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the anti-tumor mediators within MCs that are released by the
interaction of IgE with tumor antigens (10, 18).

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
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 (19). We 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 MCs
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.
MATERIALS AND METHODS

Kinetics of Tumor Antigen-Induced MC
Mediator Release
Human MCs cultured from peripheral blood (BDMC) obtained
from healthy adult volunteers as described after informed consent
was obtained under a protocol approved by the Institutional
Review Board of the National Institute of Allergy and Infectious
Diseases (2009-I-0049) (20). When cultures reached at least six
weeks of age they were sensitized with or without 0.1 mg/ml human
anti-HER2/neu IgE (from Absolute Antibody, Boston, MA) as
described previously with adipose-derived MCs (ADMC) and skin
derivedMCs (10). After 1 h, cells were washed and filtered (40 mm)
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 and apoptosis measured as
described (21). All experiments were performed in duplicate from
three separate donors and significant differences (p<0.05) were
determined using the Student t-test.
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Production of Luciferase-Transduced
Cancer Cell Lines
BT474 cells were transduced with the lentiviral vector pTK1261
(CMV-Luc-GFP/BSD) containing Firefly luciferase, and the
fusion GFP/Blastcidine selection marker gene. Cells were
washed with media containing Blasticidin S (20 mg/ml) four
times to remove non-infected cells. The incorporation of the
Firefly gene was confirmed by a luciferase assay that resulted the
light intensity of 3,545 relative light units (RLU)/mg, compared to
13 RLU/mg of control, non-infected cells revealing approximately
100% of BT474-1261 cells expressed luciferase protein
(Supplementary Figure 3). Luciferase/GFP dual-labeled SK-
BR-3 cancer cell line was purchased from GeneCopoeia, Inc.
Rockville, MD.

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 mg/ml of anti-HER2/neu IgE
or psIgE for 2 h. Filtered (40 mm) BT474-1261 or SK-BR-3 breast
cancer cells (5 x 104) on coverslips were labeled with
MitoTracker™ Red (1 mM, ThermoFisher Scientific) for one
hour. The washed MCs were labeled with CellTracker™ Deep
Red (1 mM) for one hour, washed, and added to the cancer cells
in medium containing 7 mM of CellEvent™ 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 (10).

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%-100%) and further dehydrated using a
critical point dryer and hexamethyldisilazane (HMDS) to
preserve the cell surface protrusions. Specimens were set on stubs
by conductive double-sided carbon tape and covered by 10 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.

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-b-estradiol pellets (Innovative Research of America)
subcutaneously 3 days before implantation of luciferase-
Frontiers in Oncology | www.frontiersin.org 3
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 mg/ml for 2 h), CellBrite
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) mice were injected i.t. with PBS or
HER2/neu sensitized ADMC (1x106) at day 0 and tumor volume
and mean survival were 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. Samples of blood were taken for MC mediator analysis
and toxicological indicators (22). 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 (23).

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, PBS, or psIgE sensitized ADMC (2 x 106) were
incubated with filtered BT474-1261 cells (1 x 106) or tumors
(>200 mm3) at days one and four. 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
April 2022 | Volume 12 | Article 871390
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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).

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 according to
manufacturer’s instructions. The samples were then 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 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
Frontiers in Oncology | www.frontiersin.org 4
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
The 293T HEK cell line expanded in 12 x 15 cm dishes until 80-
90% confluency and transfected by plasmids containing Green
Fluorescent Protein (GFP) (Verma Lab, Salk Institute for
Biological Studies) and three additional plasmids (pMDL, pRev
and pVSVG) (Invitrogen cat. no. K4975-00) for viral packaging.
To make the plasmid mix, 270 mg of transfer vector, 176 mg of
pMDL (Gag/Pol), 95 mg of pVSVG (vesicular stomatitis virus
glycoprotein) and 68 mg of pREV, were added to 13.5 ml of
0.25M CaCl2 + 13.5 ml 2x BBS solution. 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. The next day, the supernatants were
collected, stored at 4°C, and 15 ml fresh media added to the
cells. The second harvest of supernatant was collected the next
day. To concentrate the viral particles ultracentrifugation was
applied at 70,000 x g for 2 h at 4°C, which yielded a final
concentration of 109 particles per ml. MCs were seeded in a 24
well plate (105 cells/well) and different amounts of virus (5, 10, 20
and 30 ml) were used to infect the cells.
RESULTS

Peripheral Blood-Derived Human
MCs Become Activated Through
FceRI Upon HER2/neu -Positive
Breast Cancer Cell Binding
It has been reported that HER2/neu IgE-sensitized ADMC
release anti-tumor mediators upon FceRI crosslinking when
challenged with HER2/neu-positive BC cells (SK-BR-3 and
BT474-1261) (10). Another autologous source of human MCs
that could be utilized for potential cellular-based cancer
immunotherapy is the generation of human MCs from
precursors in peripheral blood (20). Thus, the ability of BDMC
sensitized with the anti-HER2/neu IgE to degranulate in the
presence of BC cells was investigated. Both SK-BR-3 and BT474-
1261 expressed high amounts of HER2/neu (Figure 1A). The
BDMC exhibited significant (p<0.05) degranulation and cytokine
production through FceRI when co-incubated with BDMC
sensitized with anti-HER2/neu IgE (Figure 1B). Thus, ADMC,
skin-derived, and BDMC respond similarly to BC-induced
mediator release (10).

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 2A,
April 2022 | Volume 12 | Article 871390
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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 2B). Analysis of the specific interaction
between the ADMC and BT474-1261 cells indicated the cells
were in the process of degranulation (up to 50%; Figure 1B) with
the appearance of ruffling, lamellipodia-like membrane ridges,
and cellular protrusions. Higher magnifications (≤ 2 mm)
indicate these protrusions attach to the BC cells through
heterocellular, tunneling nanotube (TnT)-like structures. We
hypothesized that TnT transport MC-specific molecules into
the cancer cells. Further investigation is required to elucidate
the role of TnT in cancer cell apoptosis accurately. These results
demonstrate that HER2/neu IgE regulates MC binding and
reveals that this process involves the formation of cellular
protrusions between FceRI-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.

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. 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 3A) compared to those ADMC sensitized
Frontiers in Oncology | www.frontiersin.org 5
with anti-HER2/neu IgE (Figure 3B). 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
using ADMC (Supplementary Video 1). The binding of anti-
HER2/neu IgE-sensitized BDMC to BT474-1261 cells also
induced apoptosis of the BC cells (Figure 3C and
Supplementary Video 2). 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 MC granules and translucent apoptotic bodies
within the tumor cells (Figure 3D). Quantification of the
apoptotic cells from psIgE ADMC challenged BC cells and
HER2/neu IgE sensitized ADMC and BDMC challenged cells
is shown in Figure 3E. 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 3F). The
anti-HER2/neu IgE-sensitized ADMC were observed to
migrate and be internalized where they appeared to
degranulate within the BT474-1261 (Figure 3G) and SK-BR-3
(Figure 3H) cells. The formation of 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 FceRI activation
(Figure 3H). These experiments indicate anti-HER2/neu-
sensitized MCs bind to, penetrate, degranulate, and induce
apoptosis of HER2/neu-positive cancer cells and cell masses.
A

B

FIGURE 1 | Breast cancer cell-induced BDMC mediator release. (A) Expression of HER2/neu on BT474-1261 or SK-BR-3 cells using FACS. BDMC were sensitized
with 1 mg/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.
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Mast Cells Induce Cancer Cell
Apoptosis Through TNF-a 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 4A, 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-a from MCs that
induces apoptosis of cancer cells (10). Additionally, significant
upregulation of apoptotic genes such as TNF ligand superfamily
members were observed which are targets for clinical
development (24). Concomitantly, the FceRI-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) (25–30) (Figure 4B). Gene ontogeny analysis
confirmed significant effects on the cellular response to TNF,
apoptosis, and pro-inflammatory pathways (Figure 4C).
Frontiers in Oncology | www.frontiersin.org 6
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 5A, no toxicity was
observed (as assessed by the expected normal >20% change in
body weight). Additionally, 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-luciferase-expressing 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 5B and Supplementary Video 3 injecting tumors i.t.
demonstrated that ADMC could be visualized and observed to
shrink the tumor after 4 days. It is demonstrated for the first time
that mice expressing HER2/neu+ tumors injected with HER2/
neu IgE-sensitized ADMC have significantly reduced tumor size
and increased survival rates (>30%) compared to those labelled
with non-specific IgE (Figures 5C, D). Importantly, mice
exhibited no change in behavior characteristic of anaphylaxis
(Supplementary Video 4), respiratory rate or body temperature
when injected with HER2/neu IgE-sensitized ADMC, consistent
with the conclusion that IgE-activation does not induce systemic
FIGURE 2 | Scanning electron microscopy of ADMC and BC cell interactions. ADMC (1.5×105) were sensitized with 1mg/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 b-hexosaminidase release, and samples fixed for SEM as described above. Arrows denote magnified areas.
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FIGURE 3 | Mast cells bind to, penetrate, degranulate, and induce FceRI-dependent apoptosis of BC cells. CellTracker™-Deep Red labelled ADMC (A, B) or BDMC (C)

(7.5x104) were sensitized with 1 mg/ml non-specific IgE (A) or anti-HER2/neu IgE (B, C), washed, and incubated with MitoTracker™-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, *P < 0.05) (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 FceRI. 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 mg/ml non-specific IgE (F) or anti-HER2/neu IgE (G, H), washed, and incubated with HER2/neu+ 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.
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anaphylaxis. Tumors obtained at day 4 post injection stained
with H&E (Figure 5E; left) showed clear differences with large
areas where apoptotic cells and debris could be observed
(Supplementary Figure 1) in the HER2/neu IgE MCs
challenged animals that were not observed in the controls.
Immunohistochemistry with anti-human tryptase (Figure 5E,
right) or control Abs (Supplementary Figure 2) revealed HER2/
neu IgE MCs were retained within tumors. Non-specific IgE
sensitized MCs were sparsely found in the primary 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 5F). Serum histamine and human tryptase were
not detected following in vivo ADMC challenge and liver
function as determined by ALT and AST levels were no
different in ADMC challenged and non-challenged mice
(Figure 5G). These experiments suggest that MCs have anti-
tumor activity in vivo and promote a localized anti-tumor
Frontiers in Oncology | www.frontiersin.org 8
function in the tumor microenvironment and do not induce
anaphylaxis or liver toxicity.

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 (Figures 6A–C) revealed a significant upregulation of
genes associated with therapeutic benefits of trastuzumab [e.g.
MATK (31)], tumor suppressors [RGS7 (32), MPPED2 (33)],
and tumor cell apoptosis [IL-32 (34)]. Similarly, at day 4 MC-
treated tumors had significant upregulation of inhibitors of
angiogenesis [CNNM1 (35), FILIP1L (36)], tumor suppressors
[VWA5A (37), SYNPO2 (38), ALDH1A2 (39)], and those found
overexpressed in certain tumors with unknown function
[MPV17 (40)] (Figures 6D–F). Tumors treated with tumor-
A

C

B

FIGURE 4 | Differential gene expression analysis BT474-1261 cells treated of HER2/neu IgE-sensitized vs. non-specific IgE-sensitized ADMC. (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 <=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).
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FIGURE 5 | In vivo analysis of ADMC. (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/neu+ 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, 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
(Supplementary Figure 2) 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 CellBrite 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. (G) Cytotoxic human MCs do not induce systemic MC release or toxicity. NU/NU mice
(no tumors) were injected i.v. with indicated numbers of ADMC. Serum was collected at 1 hour (histamine and tryptase) or after 8 weeks (ALT/AST) and assessed for
each mediator using commercially available kits. In last 2 points comparing psIgE vs HER2/neu IgE sensitized ADMC injected mice had established (>200 mm3)
HER2/neu-positive tumors as above. Spiked mouse serums were used as controls for histamine and tryptase. Data are represented as mean ± s.e.m. No statistical
significance change in serum levels was observed using ANOVA between non-ADMC treated animals vs treated.
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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 (41), PRSS1 (42), REG4 (43),
PRKAR2B (44), NDUFA4L2 (45), LRFN5 (46), and ANGPTL4
(47)]. 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.

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 FceRI activation and contribute to
anti-tumor activity. While we have demonstrated that TNF-a is
involved in in vitro killing using anti-TNF-a Abs (10), this method
is not optimal for in vivo assessment. To begin to address the
question, we sought to inhibit/knockout selected MC-specific
mediators to assess which mediators are anti-tumorigenic. With
this information, it might then be possible to polarize and engineer
Frontiers in Oncology | www.frontiersin.org 10
the MCs to remove potential toxic mediators, while retaining
(or supplementing) anti-tumor mediators. Our first step was to
determine if primary human ADMC could be transduced. As seen
in Figure 7, it is shown for the first time that primary ADMC
(Figures 7A, B) and adipose-derived stem cells (which give rise to
ADMC; Figures 7C, D) 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 7E, F). These same adipose
stem cells differentiated into ADMC retained GFP up to four
months (Figures 7G, H). The observation that adipose stem cells
can be cryopreserved without losing viability has important
implications for therapeutic applications.

Experiments were performed to assess select inhibitor/
knocking down of MC-specific mediators to determine what
human MC mediators exert pro- or anti-tumorigenic effects.
Tryptase is a MC-specific mediator that has been reported to
A B C

D E F

FIGURE 6 | HER2/neu-sensitized ADMC induce apoptosis of HER2/neu-positive BT474-1261 tumors through a unique set of gene pathways. (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 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).
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have both pro- and anti-tumor effects (48–52). Incubation of
MCs with anti-tryptase siRNA was optimal at 20 picomole
(Supplementary Figure 4). As shown in Figure 7I HER2/neu
IgE-sensitized MCs with tryptase inhibited >95% still exhibited
significant apoptosis of BT474-1261 cells. In separate
experiments, MCs treated with the tryptase specific inhibitor
Nafamostate did not affect their ability to induce apoptosis and
also suggested a non-critical role for tryptase in inducing IgE-
dependent apoptosis of cancer cells (Figure 7I). These studies
suggest MC-specific tryptase is not directly involved in tumor
cell apoptosis and provide conditions needed so that the role of
other MC mediators can be assessed for anti-tumor activity.
DISCUSSION

The number and diversity of autologous cells being explored for
their ability to confer anti-tumor properties continues to increase.
The most widely recognized and successful strategy of adoptive
cellular transfer (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
Frontiers in Oncology | www.frontiersin.org 11
antibody and an intracellular T cell signaling domain (CAR T) (53,
54). 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 (55).
Natural killer cells that target cancer stem-like cells can skew the
immune response toward anti-tumor activity and are an alternative
cell type for CAR therapy (56). Peripheral blood eosinophils and
neutrophils have demonstrated anti-tumorigenic activity (57, 58).
One of the most promising cell types being explored for ACT are,
like MCs, resident in tissue. Macrophages polarized using CAR T
cell strategies to redirect their phenotype to M1 with phagocytic
functions target cancer-specific biomarkers and induce an adaptive
immune response against tumor cells (59). 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.
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FIGURE 7 | Manipulation of human MCs and adipose stem cells as a platform for increasing safety and cytotoxicity. ADMC (A, B; 5x106) or adipose stem cells (C,
D; 3x106) 3 days after infection by 20 ml of GFP-carrying lentiviral particles (4x108 Infection Unit). Mag. 20x. Adipose-derived stem cells were transduced with GFP,
cryopreserved and reconstituted in stem cell medium (E, F) and GFP fluorescence. (G, H) Culturing in ADMC medium for 4 months showing ADMC with GFP Mag.
20x. (I) MCs (2x105) were treated with silencer select siRNA targeting the TPSAB1 gene, sensitized with psIgE or HER2/neu IgE followed by staining with

CellTracker™ Deep Red. After washing, MCs were added to the pre-stained, adherent BT474 (1x105 -8x105) along with caspase 3/7 and the time lapse video was
taken over the indicated times. Image colors were adjusted using AxioVision software where, blue is changed to orange (BT474) and red is changed to pink (MCs).
Results are representative of three different donors.
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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 even without the need for the anti-
cancer adjuvant GM-CSF as human GM-CSF does not bind
cognate mouse receptors (60). The studies utilized a single 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 FceRI activation to levels similar to what is
seen in the initial activation (61). 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 and activation of
KIT (62, 63) 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.

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-a was involved in in vitro killing of tumor cells using
anti-TNF-a Abs (10) 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
(8, 64). 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.

We propose a strategy utilizing genetic knockdown of
mediators released upon FceRI-specific activation followed by
testing the resulting MC for their ability to induce apoptosis
compared to non-manipulated MCs. Primary human MCs are
difficult to genetically manipulate with low yields and poor
transfection efficiencies. Imaging blood-derived MC
degranulation using single cells subjected to shRNA
knockdown and high-resolution confocal microscopy was
recently described (65) but this procedure results in very low
transfection efficiency using ADMC and skin-derived MCs and
thus not suitable for numbers needed for therapeutic
applications. Our strategy was thus to first determine which
MC mediators elicited following tumor cell-induced, FceRI
crosslinking 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 (66). Tryptase was
Frontiers in Oncology | www.frontiersin.org 12
initially selected given its MC specificity, availability of
inhibitors, and radical conflicting data as to its role in cancer
pathogenesis (49, 50, 52). We show tryptase-deficient MCs still
exert potent anti-tumor cell apoptosis suggesting this protease
does not have a direct effect on tumor cells. Determination of the
conditions needed for manipulating primary MC genes, selection
of targets, along with the observation that adipose stem cells can
be cryopreserved without losing viability (Figure 7), 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 FceRI-activated
MC 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 (67). 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 (68). These
transformed, immortal cells were not challenged through
FceRI as performed with primary human MCs described here.
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 immunocompromised mice to determine any
correlations between TnT formation and their ability to induce
tumor shrinkage or alter their function and susceptibility
to therapeutics.

The induction of MC-induced apoptosis of tumor cells appears
to be bi-directional with apoptotic bodies forming at the junctions
of the MC and cancer cells (Figure 3). 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 (69). 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 (70). In
addition, MCs clearly enter and migrate through tumor cell
bundles and become activated (Figure 3 and Supplementary
Video 1), suggesting they may 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.

TNF-a was investigated early on as a potential anti-tumor
therapy based on its ability to necrotize mouse tumors (71).
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 (71). Clinical trials utilizing systemic TNF-a
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administration have resulted in unacceptable level of toxicities,
which blocked its development (72). In contrast, localized
administration of TNF-a in the form of isolated limb perfusion
have yielded excellent results in soft tissue sarcomas (73). Our
results suggest TNF-a plays a significant role in the MC-induced
apoptosis of cancer cells and the strategy using cytotoxicMCs with
pre-made TNF-a within the granules is exactly what is needed for
utilizing TNF-a 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 (Figure 3 and data not
shown) and possibly alleviating the toxicity encountered with
systemic release. MCs could provide the exact solution to TNF-
a systemic toxicity by selectively releasing it, controlled only by
tumor cell engagement, in and around the tumor cells.

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 (74). 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 progression of multiple cancers
and educed expression through lentivirus knockdown led to a
significant enhancement of tumor cell apoptosis in vitro and in
vivo (45). We show NDUFA4L2 was significantly downregulated
(2.5 fold) in tumors challenged with MCs. The serpin family A
member 1 (SERPINA1) gene is upregulated and is a marker of
poor prognosis for several cancers (75) which was also
significantly downregulated in tumor cells following ADMC
challenge (1.4 fold). The metallophosphoesterase domain
containing 2 protein (MPPED2) was shown to be a potent
tumor suppressor involved in the downregulation of breast
carcinogenesis (33) and ADMC significantly upregulated (2.0
fold) it in tumor cells. These data suggest MCs induce a unique
and potent anti-tumor response through a diversity of anti-tumor
pathways leading to apoptosis. 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 (76). As with
MCs, it was hypothesized tumor macrophage depletion and/or
inhibition was also a plausible strategy for anti-cancer therapeutics
(77). Now, macrophages are at the forefront of translational ACT
research and are poised to become another cell in the arsenal of
cancer cell immunotherapies (78). 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
Frontiers in Oncology | www.frontiersin.org 13
also raised even up until clinical trials ensued which resulted in the
now manageable cytokine storm driven by IL-6 (79).

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, can be obtained
from autologous sources, and cryopreserved. We exploited the
availability of tumor-targeting IgE’s 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. The MCs
induce a unique anti-tumor mechanism with upregulation of
several anti-tumor genes and downregulation of several pro-
tumor genes. Additionally, 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 IgE’s are available or
could be manufactured.
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Supplementary Video 1 | Adipose-derived MCs bind to and induce apoptosis of
tumor cells. Experiment is described in Figure 3.

Supplementary Video 2 | Peripheral blood-derived MCs bind to and induce
apoptosis of tumor cells. Experiment is described in Figure 3.

Supplementary Video 3 | In vivo imaging of HER2/neu IgE-sensitized MCs
binding to and shrinking HER2/neu tumors.

Supplementary Video 4 | Representative video of mice injected i.v. with HER2/
neu IgE-sensitized MCs (1 x 106) into HER2/neu tumor engrafted mice. Images
were obtained at approximately 20 minutes after tail vein injection and
demonstrates no anaphylaxis.
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74. Vanamee ÉS, Faustman DL. On the TRAIL of Better Therapies:
Understanding TNFRSF Structure-Function. Cells (2020) 9(3):764. doi:
10.3390/cells9030764

75. Ercetin E, Richtmann S, Delgado BM, Gomez-Mariano G, Wrenger S,
Korenbaum E, et al. Clinical Significance of SERPINA1 Gene and Its
Encoded Alpha1-Antitrypsin Protein in NSCLC. Cancers (2019) 11(9):1306.
doi: 10.3390/cancers11091306

76. Oldford SA, Marshall JS. Mast Cells as Targets for Immunotherapy of Solid
Tumors.Mol Immunol (2015) 63(1):113–24. doi: 10.1016/j.molimm.2014.02.020

77. Cotechini T, Atallah A, Grossman A. Tissue-Resident and Recruited
Macrophages in Primary Tumor and Metastatic Microenvironments:
Potential Targets in Cancer Therapy. Cells (2021) 10(4):960. doi: 10.3390/
cells10040960
Frontiers in Oncology | www.frontiersin.org 16
78. Anderson NR, Minutolo NG, Gill S, Klichinsky M. Macrophage-Based
Approaches for Cancer Immunotherapy. Cancer Res (2021) 81(5):1201–8.
doi: 10.1158/0008-5472.CAN-20-2990

79. Rosenbaum L. Tragedy, Perseverance, and Chance - The Story of CAR-T
Therapy. N Engl J Med (2017) 377(14):1313–5. doi: 10.1056/NEJMp1711886

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

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

Copyright © 2022 Fereydouni, Ahani, Desai, Motaghed, Dellinger, Metcalfe, Yin, Lee,
Kafri, Bhatt, Dellinger and Kepley. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
April 2022 | Volume 12 | Article 871390

https://doi.org/10.1111/j.1745-7254.2008.00889.x
https://doi.org/10.1111/j.1745-7254.2008.00889.x
https://doi.org/10.1038/s41584-021-00584-4
https://doi.org/10.1038/ncponc0426
https://doi.org/10.3390/cells9030764
https://doi.org/10.3390/cancers11091306
https://doi.org/10.1016/j.molimm.2014.02.020
https://doi.org/10.3390/cells10040960
https://doi.org/10.3390/cells10040960
https://doi.org/10.1158/0008-5472.CAN-20-2990
https://doi.org/10.1056/NEJMp1711886
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Human Tumor Targeted Cytotoxic Mast Cells for Cancer Immunotherapy
	Introduction
	Materials and Methods
	Kinetics of Tumor Antigen-Induced MC Mediator Release
	Production of Luciferase-Transduced Cancer Cell Lines
	Time Lapse Confocal Microscopy
	Scanning Electron Microscopy
	Maximum Tolerated Dose, In Vivo Imaging and Efficacy of ADMC
	Gene Expression Profiling of mRNA
	Library Preparation With Poly-A Selection and HiSeq Sequencing
	Construction of Lentiviral Particles and Transduction of ADMC and Adipose Stem Cells

	Results
	Peripheral Blood-Derived Human MCs Become Activated Through Fc&epsiv;RI Upon HER2/neu -Positive Breast Cancer Cell Binding
	Scanning Electron Microscopy of ADMC Interactions With BT474-1261 Cells
	Time-Lapse Confocal Microscopy of HER2/neu IgE Sensitized ADMC Inducing Apoptosis of BT474-1261 Cells
	Mast Cells Induce Cancer Cell Apoptosis Through TNF-α and Apoptosis Related Genes
	HER2/neu IgE Sensitized ADMC Shrink HER2/neu-Positive Tumors In Vivo
	Transduction of ADMC and Adipose Stem Cells With GFP

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


