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Dermal Extracellular Matrix-Derived Hydrogels
as an In Vitro Substrate to Study Mast
Cell Maturation
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Mast cells (MCs) are pro-inflammatory tissue-resident immune cells that play a key role in inflammation. MCs
circulate in peripheral blood as progenitors and undergo terminal differentiation in the tissue microenvironment
where they can remain for many years. This in situ maturation results in tissue- and species-specific MC
phenotypes, culminating in significant variability in response to environmental stimuli. There are many chal-
lenges associated with studying mature tissue-derived MCs, particularly in humans. In cases where cultured
MCs are able to differentiate in two-dimensional in vitro cultures, there remains an inability for full matu-
ration. Extracellular matrix (ECM) scaffolds provide for a more physiologically relevant environment for
cells in vitro and have been shown to modulate the response of other immune cells such as T cells, mono-
cytes, and macrophages. To improve current in vitro testing platforms of MCs and to assess future use of
ECM scaffolds for MC regulation, we studied the in vitro response of human MCs cultured on decellularized
porcine dermis hydrogels (dermis extracellular matrix hydrogel [dECM-H]). This study investigated the
effect of dECM-H on cellular metabolic activity, cell viability, and receptor expression compared to collagen
type I hydrogel (Collagen-H). Human MCs showed different metabolic activity when cultured in the dECM-
H and also upregulated immunoglobulin E (IgE) receptors associated with MC maturation/activation com-
pared to collagen type I. These results suggest an overall benefit in the long-term culture of human MCs in the
dECM-H compared to Collagen-H providing important steps toward a model that is more representative of
in vivo conditions.
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Impact Statement

Mast cells (MCs) are difficult to culture in vitro as current culture conditions and substrates fail to promote similar
phenotypic features observed in vivo. Extracellular matrix (ECM)-based biomaterials offer three-dimensional, tissue-
specific environments that more closely resemble in vivo conditions. Our study explores the use of dermal ECM hydrogels
for MC culture and shows significant upregulation of metabolic activity, cell viability, and gene expression of markers
associated with MC maturation or activation compared to collagen type I-hydrogel and tissue culture plastic controls at
7 days. These results are among the first to describe MC behavior in response to ECM hydrogels.

Color images are available online.
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Introduction

Mast cells (MCs) are specialized, pro-inflammatory
immune cells that form heterogeneous populations in

all vascularized tissues. MCs are responsible for triggering
inflammation to combat infections, envenomation, and
cancer progression.1–4 MCs also facilitate tissue repair by
regulating angiogenesis, reepithelialization, and scar for-
mation.5 The ability of MCs to contribute to tissue ho-
meostasis is due, in part, to the diversity of surface receptor
expression, such as the high affinity immunoglobulin E
(IgE) receptor (Fc fragment of IgE receptor 1 [FceRI]) and
various G protein-coupled and Toll-like receptors. This di-
versity of receptors confers reactivity to a broad range of
environmental and immunological stimuli (reviewed in
Bradding and Cruse6 and Bradding and Arthur7). Other re-
ceptors mediate the adhesion of MCs to the extracellular
matrix (ECM) and their interaction with neighboring cells,
either directly or indirectly.8–12

Importantly, the receptor repertoire expressed on MCs
differs significantly between tissues, conferring a tissue-
specific phenotype that results in considerable variability
in response to environmental stimuli (reviewed in Brad-
ding and Cruse6 and Bradding and Arthur7).13–17 This
heterogeneity exists as both alterations in the level of re-
ceptor expression, as well as examples of specific receptor
expression, in some tissues that lack expression in MCs at
other tissue sites.

Maladaptation and inappropriate activation of protective
MC responses contribute to the pathophysiology of in-
flammatory diseases such as asthma and allergy and fi-
brotic diseases such as idiopathic pulmonary fibrosis.18

However, while MCs are key to allergic inflammation in a
wide range of tissues, their precise role during inflamma-
tion is not clear. This is partly due to the transcriptional
and phenotypic heterogeneity of mature tissue-resident
MCs,19–22 which limits our ability to conduct physiologi-
cally relevant experiments in MC-related allergy research
and neoplastic MC disorders such as mastocytosis and mast
cell tumors (MCTs). Although mouse MCs are frequently
used in MC and allergy research, human and mouse MCs
differ widely in phenotype and there is often poor transla-
tion of mouse studies into human cells.6,23–25

Studying primary human MCs is preferable, but since
MCs are purely tissue-resident in vivo, the phenotypic
plasticity and transcriptional alterations induced by isolating
the cells from tissue and altering the microenvironment
during culture complicate the ex vivo study of primary hu-
man cells.26–29 The magnitude of these alterations could be
limited by studying ex vivo MCs immediately after isolation,
but the isolation process requires enzymatic digestion and
mechanical force, which activates MCs and damages surface
proteins, possibly resulting in hyporesponsive cells. To
avoid this, MCs can be cultured from CD34+ precursors
in vitro, but MCs do not fully differentiate in vitro or re-
capitulate ex vivo tissue-derived MCs. Thus, a conundrum of
MC research is that in vivo (i.e., mouse), ex vivo, and in vitro
systems can give different MC responses, and none may be
true representations of human MC in vivo response.

An alternative method that we have explored in this study,
and which may represent a low-cost and effective platform
for translational MC culture, is the use of three-dimensional

(3D) culture using tissue-specific ECM hydrogels. ECM is
the supportive network comprised predominantly of tissue-
specific proteins that provide structural and biochemical
support to local cells, which can be harvested and isolated
from tissues through a process known as decellulariza-
tion.30,31 Of relevance to the challenges associated with MC
research, previous studies have suggested that ECM-based
biomaterials may affect cellular responses and maturation.
For example, ECM scaffolds have been shown to influence
adult and pluripotent stem cell differentiation in a tissue-
specific manner.32–37 ECM scaffolds have also been shown to
affect the responses of T cells and macrophages in vitro and
in vivo with profound implication on the overall host tissue
response.38–41 A multitude of studies have characterized the
in vitro and in vivo response of macrophages toward ECM
scaffolds, showing a shift in macrophage polarization toward
pro-healing phenotypes.42,43 Given the potential role of MCs
in disease and inflammation, understanding the interactions
between MCs and ECM scaffolds could open new therapeutic
avenues, as well as superior in vitro testing platforms.

Our goal was to derive and characterize an ECM-based
hydrogel from porcine dermis (dermis extracellular matrix
hydrogel [dECM-H]) and determine its effect on the metabolic
activity and gene expression of a human line that is frequently
used in MC research. We measured metabolic activity, cell
viability, and IgE receptor expression to determine how
dECM-H affected MC behavior and maturation.

Although some studies have explored MC behavior in
hydrogels,44–46 to the best of our knowledge, the effect
of tissue-derived ECM scaffolds on MC maturation and
in vitro behavior has not yet been examined. Consequently,
there is a need to investigate the ECM hydrogel (dECM-H)
as a 3D culture platform for MCs, as well as its effects on
MC behavior and receptor expression. This study marks the
first step towards developing a low-cost and effective plat-
form for MC culture that promotes maturation and tissue-
specific MC behavior.

Materials and Methods

Deriving dECM-H

dECM-H was obtained by adapting a novel decellulariza-
tion technique recently published by our research group.47

Full-thickness porcine skin was acquired from the dorsolat-
eral flank of an *6-month-old Yorkshire pig provided by the
NCSU Swine Education Unit. The skin was washed thor-
oughly with tap water, patted dry, cut into 3 · 7 cm rectan-
gles, and placed at -80�C for at least 48 h. The skin sheets
were thawed, and subcutaneous fat and hair were mechani-
cally removed using a scalpel.

The skin was lyophilized overnight and ground into a
powder. One gram of powder was agitated in a series of
washes in the following solutions: dH2O rinse, 2 · phosphate
buffered saline (PBS) for 5 min, 0.02% trypsin for 30 min,
dH2O rinse, 2 · PBS for 5 min, 3% Tween-20 for 30 min,
dH2O rinse, 2 · PBS for 5 min, 4% sodium deoxycholate for
30 min, dH2O rinse, 2 · PBS for 5 min, 0.1% peracetic acid
for 30 min, dH2O rinse, and 1 · PBS for 5 min.

The samples were then lyophilized overnight. The dECM
powder was digested at 10 mg/mL with 0.67 mg/mL of
pepsin and 0.1 M HCl for 24 h on a stirring plate.48 dECM-H
was formed by adjusting the salt concentration with 1 · PBS
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and 10 · PBS and then neutralizing the dECM digest with
0.1 N NaOH to a final dECM concentration of 6 mg/mL. The
dECM digest was then cured by aliquoting into tissue cul-
ture treated plates and placing at 37�C for 30–45 min. Fi-
briCol (Cat. No. 5133; Advanced Biomatrix, Carlsbad, CA),
a collagen type I > 97% solution obtained from bovine hides,
was used as a control (collagen type I hydrogel [Collagen-
H]) following the manufacturers’ instructions using dH2O,
10 · PBS, and 0.1 N NaOH.

Histological staining

To characterize the compositional changes before and
after decellularization, lyophilized native dermis (dNative)
and dECM powders were fixed overnight using 4% para-
formaldehyde and then transferred to 70% ethanol. Samples
were stained using hematoxylin and eosin (H&E) and Go-
mori’s trichrome staining. The histology was performed at
the Histology Laboratory in the College of Veterinary
Medicine at North Carolina State University. Images were
taken on an EVOS FL Auto imaging system (Thermo Fisher
Scientific, Waltham, MA).

DNA quantification

Double-stranded DNA (dsDNA) removal quantification
was performed using the Quant-iT PicoGreen dsDNA Assay
Kit (Life Technologies, Carlsbad, CA). Lyophilized samples
before and after decellularization (*3 mg) were stored in
200 mL TE buffer provided by the Quant-iT PicoGreen
dsDNA Assay Kit and frozen at -20�C for at least 24 h.
Samples were thawed, digested in a 1:10 proteinase K so-
lution (Qiagen, Hilden, Germany) in Buffer ATL (Qiagen)
overnight at 60�C, and then brought up to 1 mL with TE
buffer. Then, a second dilution (1:100) was done to bring the
sample into working conditions.

The Quant-iT PicoGreen dsDNA Assay Kit was used
according to the manufacturer’s protocol. Samples of 100mL
were read using an Infinite M200 Pro plate reader (Tecan,
Männedorf, Switzerland); fluorescence was measured at
520 nm with excitation at 480 nm. The results for the stan-
dard curve, as well as the sample, were read in duplicates.
Prism 8 was used to graph the data and perform statistics.
Significance for decellularization efficiency was measured
using an unpaired two-tailed t-test, where a = 0.05.

Proteomic analysis

Samples for proteomics were prepared as previously de-
scribed47 and submitted to the NCSU Molecular Education,
Technology, and Research Innovation Center (METRIC).
Proteome Discoverer (Thermo Fisher Scientific) was used to
analyze mass spectrometry results, and the proteins were
categorized using the protein analysis through evolutionary
relationships (PANTHER) Classification System (Uni-
versity of Southern California, Los Angeles, CA). Proteins
that were classified as ECM proteins (PC00102) were ex-
tracted and organized into PRISM 8 for figures.

Gelation kinetics

Turbidimetric analysis was used to measure gelation ki-
netics of the hydrogels. After hydrogel preparation, 100mL
of hydrogel/well was aliquoted in a 96-well plate and kept

on ice. The plate was placed in a Synergy Neo2 Multi-Mode
Microplate Reader (Bio-Tek, Winooski, VT) warmed at
37�C. Absorbance at 405 nm was then measured every 2 min
for 90 min, as the hydrogels ‘‘solidify’’ as collagen fibers
self-assemble, thus increasing its turbidity and absorbance
values.

Data were then normalized as previously described using
Equation (1), spreading the values between 0 and 1, to allow
for more accurate comparison between hydrogels. In the
equation, At is the experimental measurement for absor-
bance at timepoint t, Amin is the minimal absorbance re-
corded, and Amax is the maximum absorbance recorded.49

The time required for the hydrogels to reach 50% of the
maximum optical density turbidity was calculated (t50). Data
were graphed in Prism 8.

Normalized absorbance405nm¼
(At �Amin)

(Amax�Amin)
(1)

Atomic force microscopy

Stiffness of the hydrogels was measured by atomic force
microscopy (AFM) to describe the microenvironment the
cells would sense. dECM-H and Collagen-H were formed as
previously described on microscope slides and immersed in
1 · PBS.49 Measurements of Young’s moduli were taken on
an Asylum Research MFP-3D-BIO (Oxford Instruments,
Santa Barbara, CA) using sQube polystyrene cantile-
vers partially coated with gold with a diameter of 6.1 mm
(NanoAndMore USA Corp, Watsonville, CA). Three dECM-H
and three Collagen-H were measured as three separate
10 · 10mm force maps containing 256 points. Data were
graphed in Prism 8, where points ‡50 Pa were plotted by
relative frequency. Spatial averages were calculated by av-
eraging all the points ‡50 Pa in the three hydrogels (for each
dECM-H and Collagen-H) together.

Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis

The protein content between dECM-H and Collagen-H
was compared using sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE). Samples of diluted
dECM-H, Collagen-H, and Pepsin HCl of same protein
concentrations (1 mg/mL) were loaded into a 4–20% Mini-
PROTEAN� TGX stain-Free� Precast Protein Gel (Bio-
Rad, Hercules, CA). Pepsin protein was used as a control, as
it is used to digest dECM into dECM-H. The standard used
was Precision Plus Protein� Unstained Protein Standard,
Strep-tagged recombinant (Bio-Rad).

Images of the gel were taken on a ChemiDoc Imaging
System using self-staining settings (Bio-Rad). The gel was
then further stained with Coomassie Brilliant Blue R-250
Staining Solution (Bio-Rad) overnight and washed several
times before being imaged with a Canon EOS Rebel T7
DSLR Camera with a 18–55 mm lens (Canon, Tokyo, Japan).

Cell culture

The LAD2 human MC line was obtained from Drs. Dean
Metcalfe and Arnold Kirshenbaum from the Laboratory of
Allergic Diseases, National Institute of Allergy and In-
fectious Diseases (NIAID; National Institutes of Health
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[NIH], Bethesda, MD). LAD2 cells were cultured as pre-
viously described50–52 in StemPro-34 medium containing
13 mL supplement, penicillin (100 units/mL) and strepto-
mycin (100mg/mL; Life Technologies), and 100 ng/mL re-
combinant human stem cell factor (SCF; R&D, Abingdon,
United Kingdom). Half of the medium was replaced with
fresh medium and SCF every 7 days. The culture of HMC-1
and HRMC cell lines is described in Supplementary Data.

Transforming growth factor beta 1 stimulation
and enzyme-linked immunosorbent assay

LAD2 cells were seeded in 12-well plates at a density of
5 · 105 cells per well in 2 mL of media. Human transforming
growth factor beta 1 (TGF-b1; Peprotech, Rocky Hill, NJ)
was added at 0.1 mg/mL final concentration to half of the
samples (n = 3). Samples were collected at 24 h (n = 5) and
48 h (n = 6) for real-time quantitative polymerase chain re-
action (RT-qPCR) and analyzed by the comparative CT

method (method described in the following section). The
DCT of samples stimulated with TGF-b1 was divided by the
DCT of the nonstimulated cells (‘‘No TGF-b1’’) to give
DDCT. Results were graphed in Prism 8, and one-sample
t-tests were conducted with mo = 1.00 and where a = 0.05.

TGF-b1 in dECM-H was measured using a Human/
Mouse TGF-b1 Uncoated Enzyme-linked Immunosorbent
Assay (ELISA) Kit (Invitrogen, Carlsbad, CA) according to
the manufacturers’ instructions. Lyophilized dECM powder
(n = 3) was digested at 10 mg/mL using methods previously
mentioned in Deriving dECM-H section. Collagen-H (n = 3)
was also prepared according to manufacturer’s instructions.
Hydrogels were then diluted to concentrations of 1 mg/mL
and measured with the ELISA. Absorbance was measured
using an Infinite M200 Pro plate reader at 450 nm, with a
reference wavelength of 570 nm. The values for Collagen-H
were subtracted from the dECM-H samples as background.

Real-time quantitative polymerase chain reaction

dECM-H and Collagen-H were each seeded onto a 24-
well plate at 100mL per well. The hydrogel was coated
evenly across the bottom of the well and allowed to self-
assemble for *45 min at 37�C before adding LAD2 cells on
top of each gel, along with the tissue culture plastic (TCP)
control, at a density of 1.5 · 105 cells per well. Hydrogels
and cells on TCP (n = 3 for each) were collected and lysed in
TRK lysis buffer, provided by the E.Z.N.A. Total RNA Kit
(Omega Bio-Tek, Norcross, GA), with 2-mercaptoethanol.
RNA was cleaned and further concentrated using the
RNeasy MinElute Cleanup Kit (Qiagen), and concentrations
were measured using a NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific).

Complementary DNA (cDNA) was made with the Go-
Script Reverse Transcriptase Kit (Promega, Madison, WI)
according to the manufacturers’ instructions using the
SimpliAmp Thermocycler (Applied Biosystems, Foster
City, CA). RT-qPCRs were run on a QuantStudio 3 Real-
Time PCR System (Applied Biosystems) using SYBR
Select Master Mix (Applied Biosystems). Primers were
obtained from Integrated DNA Technologies (Coralville,
IA) and are listed in Table 1. Data were analyzed using
QuantStudio 3 and 5 qPCR Data Analysis Software, and
DCT values were calculated in Microsoft Excel v 16.30
using the comparative CT method.53 Data were then graphed
and analyzed in Prism 8 through two-way ordinary analysis
of variance (ANOVA) using Tukey’s statistical hypothesis
testing.

Cell viability assay

LAD2 cells were seeded on top of self-assembled dECM-
H and Collagen-H at a density of 1 · 106 cells/mL in 100mL
of cultured medium per well. The hydrogels with LAD2s
were stained at 24, 48, and 168 h (7 days) timepoints using
the LIVE/DEAD Viability/Cytotoxicity Kit for mammalian
cells (Life Technologies) according to the manufacturer’s
protocol. Live cells were stained green by calcein-AM,
while dead cells were stained red by ethidium homodimer-1.
Samples were imaged using fluorescence microscopy with a
Revolve microscope (Echo, San Diego, CA).

alamarBlue� assay

LAD2s were seeded onto hydrogels as described previ-
ously in Cell Viability Assay section. At 24, 48, and 168 h
timepoints, 10mL alamarBlue Cell Viability Reagent (In-
vitrogen) was added directly to each of the hydrogels (n = 3
for each). The plate was incubated for 4 h at 37�C, and
samples were read using an Infinite M200 Pro plate reader.
Absorbance was quantified at 570 nm with a reference
wavelength of 600 nm.

Overlap between 570 and 600 nm was accounted for us-
ing a RO variable, based off concepts published in Goegan
et al.,54 for each hydrogel type. This was calculated using
Equation (2), where AO(570) is the absorbance reading at
570 nm for collagen-H or dECM-H with no cells, and
AO(600) is the absorbance reading at 600 nm for collagen-H
or dECM-H with no cells. Percentage of alamarBlue reagent
reduced (%R570) was calculated using Equation (3), where
A570 is the absorbance reading at 570 nm and A600 is the
absorbance reading at 600 nm. Results were graphed in
Prism 8 using two-way ordinary ANOVA with Tukey’s
multiple comparison testing, where a = 0.05.

Table 1. Real Time Quantitative Polymerase Chain Reaction Primers

Gene Species Forward sequence Reverse sequence

GAPDH Human AAGGTGAAGGTCGGAGTCAAC GGGGTCATTGATGGCAACAATA
c-KIT Human TCATGGTCGGATCACAAAGA AGGGGCTGCTTCCTAAAGAG
FceR1a Human TGTGGCAGCTGGACTATGAG GAAATGTGACCTGCTGCTGA
FceR1b Human AATCTTGCTCTCCCACAGGA TGTGTTACCCCCAGGAACTC
FceR1g Human GGAGAGCCTCAGCTCTGCTA TGGTGGTTTCTCATGCTTCA
TGF-b1 Human GGCCAGATCCTGTCCAAGC GTGGGTTTCCACCATTAGCAC
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FIG. 1. ECM derivation and characterization. (A) General schematic of the derivation of dECM. (B) Progression of
decellularization. The top image is a piece of lyophilized native porcine dermis (dNative) (B.i), the center image is native
porcine dermis after micronization (B.ii), and the bottom image is after decellularization and lyophilization (B.iii).
(C) Histological staining (hematoxylin and eosin and Gomori’s trichrome) before (dNative) and after (dECM) decel-
lularization, showing maintenance of crucial ECM components. Scale bar = 100mm. (D) DNA quantification using Pico-
Green assay showing significant decrease of DNA content in dECM compared to dNative. *p < 0.05. (E) Breakdown of the
56 proteins found in dECM through mass spectrometry that are organized within ECM protein classes (found in the
PANTHER classification system). (F) Class breakdown of the 56 proteins as sorted by their PANTHER classification.
dECM, dermis extracellular matrix; dNative, native dermis; ECM, extracellular matrix. Color images are available online.
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FIG. 2. dECM-H formation and characterization. (A) General schematic of the derivation of dECM. (B) Gelation kinetics
of dECM-H and Collagen-H, where t50 is the time it takes for dECM-H to reach 50% of maximum absorbance. (C) Force
maps generated from AFM and the relative frequency of stiffness seen in Collagen-H. (D) Force maps generated from AFM
and the relative frequency of stiffnesses seen in dECM-H. (E) SDS-PAGE results on a stain-free gel, which was then stained
further with Coomassie Blue. AFM, atomic force microscopy; Collagen-H, collagen type I hydrogel; dECM-H, dermis
extracellular matrix hydrogel; SDS-PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis. Color images are
available online.
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RO¼
AO(570)

AO(600)

(2)

%R570¼ (A570� (A600 � RO)) � 100 (3)

Results

dECM-H derivation and characterization

The overall decellularization and hydrogel formation are
summarized in Figure 1A and B (decellularization) and
Figure 2A (hydrogel formation). H&E staining showed a
reduction in the number of nuclei (stained in purple) present
between dNative and the dECM (Fig. 1C). Gomori’s blue
staining showed a reduction in, what is most likely, keratin
and cellular cytoplasm (red-colored areas) and nuclei (black),
but retention of collagen fiber (blue) areas within the tissue
after decellularization. These results indicate a retention of
important ECM components. DNA quantification showed a
significant ( p = 0.04) decrease in DNA content between
dNative (2765.42 ng/mL –610.57) and dECM (833.70 ng/mL
–188.69) (Fig. 1D).

A proteomic discover workflow was used to identify the
protein composition of the dECM as previously reported.47

Gene ontology analysis was performed with a total of 3068
proteins submitted. The analysis reported 1749 hits, with 56
protein identified hits in PC00102 (Fig. 1F). Nine proteins
from ECM glycoproteins (PC00100) and 31 from ECM
structural protein (PC00103) classes were identified, as de-
fined by the PANTHER classification system. Analyzing the
composition based on the ECM proteins presented in the
material resulted in a combination of collagens, laminins,
proteoglycans, galectins, fibulins, fibrillins, and other gly-
coproteins (Fig. 1E). Altogether, these data are evidence of
the complex protein composition of dECM.

Derivation of dECM-H resulted in successful hydrogel
formation (Supplementary Fig. S1A). Gelation kinetics was
measured by turbidimetric analysis, which is a commonly used
method used to quantify the self-assembly of ECM hydro-
gels.55–57 Using a spectrometer to measure absorbance, forma-
tion of dECM-H and Collagen-H was confirmed (Fig. 2B). t50,
where the dECM-H reaches 50% of the total absorbance, was
32 min, while t95, where dECM-H reaches 95%, was 50 min.
For Collagen-H, t50 was 34 min, while t95 was 42 min.

AFM data at 750 pts on the Collagen-H showed a median
stiffness of 103.07 Pa and a mean stiffness of 96.02 – 1.15
Pa (Fig. 2C). AFM data at 1,708 pts on the dECM-H showed
a median stiffness of 169.26 Pa and a mean stiffness of
199.73 – 2.44 Pa (Fig. 2D). These values are consistent with
previously reported values from ECM hydrogels derived
from other porcine tissues.49 Spatial heterogeneity was
also observed in dECM-H and Collagen-H, with a larger
range in dECM-H. This could be due to the cantilever
hitting collagen fibrils (in both Collagen-H and dECM-H)
or to the undigested particle size of dECM (which can be
observed in Fig. 1B.iii). Both dECM-H and Collagen-H
were able to maintain its hydrogel structure when seeded
with LAD2 over 168 h. However, the ability of dECM-H
to hold its shape was superior to Collagen-H, which fell
apart when removed from a 96-well plate after culture
(Supplementary Fig. S1B).

As evident from the proteomics data, collagens make up a
large portion of dECM. SDS-PAGE was then used to
compare the differences in composition between dECM-H
and Collagen-H (Fig. 2E). In the self-staining gel, there
were faint bands on the smaller protein size range in the
dECM-H, which could indicate the presence of smaller
proteins. The gel was further stained with Coomassie Bril-
liant Blue, which showed similar size bands between
Collagen-H and dECM-H. These results suggest that colla-
gen type I is maintained in dECM-H throughout the diges-
tion process.

TGF-b1 stimulation

It has been previously shown that endogenous TGF-b1
can downregulate IgE receptor expression in MCs.58–60 To
confirm this, LAD2s were stimulated with TGF-b1 for 24
and 48 h (Fig. 3A) and normalized to LAD2s that were not
stimulated. A figure of gene expression normalized to the
housekeeping gene, GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), is included in Supplementary Figure S2B.
LAD2s cultured on TCP that were stimulated TGF-b1 ex-
pressed similar levels of c-KIT to LAD2s not stimulated
with TGF-b1 (Fig. 3B). However, for the three chains of
FceRI (FceRIa, FceRIb, and FceRIc), gene expression of
LAD2s stimulated with TGF-b1 was downregulated com-
pared to the No TGF-b1 control. For all four genes, there
was no significant difference between expression at 24 and
48 h.

To find out whether or not dECM-H (with no cells) con-
tains TGF-b1, we measured an average of 28.40 – 3.54 pg of
TGF-b1/mg of dECM-H using ELISA (Fig. 3C). This amount
is low compared to previous studies that measured TGF-b1 in
human skin biopsies.61,62 It is possible that the decellular-
ization or digestion process removes considerable amounts of
TGF-b1.

Gene expression of c-KIT and the three FceRI chains at 24
and 48 h after addition to the dECM-H or Collagen-H was
measured to determine how regulation of these genes
compared to TGF-b1 stimulation (Fig. 3D). These values
were normalized to TCP to compare the effect of the hy-
drogels. c-KIT expression at 48 h was significantly reduced
( p < 0.01) in dECM-H. FceRIb also demonstrated signifi-
cant downregulation ( p < 0.01) in dECM-H compared to
Collagen-H for both 24 and 48 h. While there was no sig-
nificance for FceRIa and FceRIc at either 24 or 48 h, there
was still a trend toward a slight downregulation of expres-
sion in dECM-H compared to Collagen-H.

LAD2 cell viability and metabolic activity

Following characterization of the hydrogels, LAD2 cells
were assessed in situ for metabolic activity using alamarBlue
(Fig. 4C) and cell viability using LIVE/DEAD assay (Fig. 4D).
The alamarBlue assay showed that the percent of reduced
alamarBlue reagent of LAD2 cells in Collagen-H was signif-
icantly higher than cells in dECM-H at time 0, 24, and 48 h.
However, at 168 h, LAD2 cells seeded into dECM-H
(30.36% – 0.98) exhibited significantly ( p < 0.01) more met-
abolic activity compared to Collagen-H (16.99% – 1.49). This
trend was also observed with the human neoplastic HMC-1
cell line (Supplementary Fig. S3B) and the canine tumor-
derived neoplastic HRMC cell line (Supplementary Fig. S4E).

ECM HYDROGELS AS AN IN VITRO SUBSTRATE TO STUDY MAST CELLS 1015



The cell viability assay was conducted at 24, 48, and
168 h after seeding. At all timepoints, LAD2s showed a
majority of cells alive (stained green) and with relatively
steady levels of confluence. However, as time increased,
the green signal diminished in Collagen-H as opposed to the
signal in dECM-H. There is also significant clumping of the
cells in Collagen-H at all timepoints, which is not observed
in the cells in dECM-H. The results from this assay dem-
onstrate that LAD2 survives well in dECM-H.

Human MC receptor expression

MCs are tissue-resident cells that are recruited into tissues
as progenitors and only mature once they enter their target
tissue. Therefore, receptor expression in mature MCs varies
according to the tissue of residence and local factors (re-
viewed in Bradding and Cruse6 and Bradding and Arthur7).
The cardinal receptors on MCs that regulate many of their
functions are the high affinity IgE receptor, FceRI, and the

FIG. 3. TGF-b1 stimulation on human mast cells and c-KIT and IgE receptor expression in human mast cells in dECM-H.
(A) Schematic of the experiment targeting TGF-b1. (B) RT-qPCR results of LAD2s cultured with and without TGF-b1,
normalized first to GAPDH as a housekeeping gene and then taken as a ratio to LAD2s cultured without TGF-b1. The dotted
line identifies 1.0 as an equal amount of expression between LAD2s cultured with and without TGF-b1. *p < 0.05 when the
CT value of 24 or 48 h is compared to that of the No TGF-b1 control at the same timepoint (dotted line). (C) Experimental
design of how cKIT and IgE receptor expression was measured. The bar graph on the right is the TGF-b1 ELISA results of
three separate hydrogels from decellularized matrix. Collagen-H was used as background subtraction. (D) RT-qPCR results
of LAD2s cultured in dECM-H and collagen-H. Results were normalized to GAPDH as a housekeeping gene at 24 and 48 h
and then to TCP. The dotted line identifies 1.0 as an equal amount of expression between LAD2s cultured on hydrogel and
TCP. *p < 0.05 when the CT value of dECM-H compared to Collagen-H at the same timepoint. ELISA, enzyme-linked
immunosorbent assay; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IgE, immunoglobulin E; RT-qPCR, real time
quantitative polymerase chain reaction; TCP, tissue culture plastic; TGF-b1, transforming growth factor beta 1. Color
images are available online.
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receptor tyrosine kinase, KIT. Therefore, the level of ex-
pression of these receptors can be an indicator of MC phe-
notype. Having established that dECM-H promoted LAD2
metabolism for 7 days, we proposed that this effect was a
consequence of MC maturation or altered phenotype. MCs
circulate in the blood as progenitor cells that migrate into tissue
where they mature and develop the expression of FceRI.6

Higher expression of FceRI develops as MCs mature from
precursors63 and may thus be an indicator of greater MC
maturity or represent a more responsive MC population. The
human FceRI complex is generally a tetrameric complex
comprising of an a subunit that binds IgE, a dimer of g subunits
that provide the majority of the signaling potential, and 4
transmembrane protein b subunits that traffic the complex to
the plasma membrane.64 Using RT-qPCR (Fig. 4E) to establish
the expression of each of the genes encoding the subunits of
FceRI and c-KIT (that encodes CD117) as we had performed at

earlier timepoints (Fig. 3D), we measured receptor expression
at 168 h after addition to dECM-H to establish if differences
in receptor gene expression were associated with the in-
creased metabolic activity at 168 h (Fig. 4C). Gene expres-
sion of c-KIT in LAD2 cells cultured in dECM-H at 168 h
(0.11 – 0.01), along with Collagen-H at 168 h (0.11 – 0.02),
was downregulated ( p < 0.01) compared to the TCP control
(0.17 – <0.01). However, dECM-H at 168 h was upregulated
compared to dECM-H at 24 h (0.01 – 0.01) and dECM-H at
48 h (0.03 – <0.01).

In contrast to the downregulation of c-KIT expression of
dECM-H compared to controls, the RT-qPCR results for the
three chains of FceRI (FceRIa, FceRIb, and FceRIc) dem-
onstrate significant upregulation at the later timepoint to the
controls (Fig. 4E). FceRIa gene expression of LAD2 cells
cultured in dECM-H at 168 h (1.08 – 0.13) was significantly
increased ( p < 0.01) compared to Collagen-H (0.69 – 0.06)

FIG. 4. Human mast cell behavior in dECM-H. (A) Schematic of the seeding of human LAD2 cells into dECM-H and
their outputs. (B) Image of dECM-H formed in a 96-well plate with media on top. (C) Metabolic activity of LAD2s seeded
in dECM-H and Collagen-H, along with their respective controls (hydrogels with no cells). *p < 0.05 when comparing
dECM-H to Collagen-H. +p < 0.05 when comparing dECM-H to controls. (D) Cell viability using LIVE/DEAD assay, where
live cells are in green and dead cells are in red. Scale bars = 320mm. (E) RT-qPCR results of LAD2s cultured in dECM-H,
Collagen-H, and TCP normalized to GAPDH as a housekeeping gene at 168 h after seeding. *p < 0.05. Color images are
available online.
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and TCP (0.59 – 0.14; p < 0.01), as well as to dECM-H at
24 h (0.44 – 0.05) and dECM-H at 48 h (0.34 – 0.05). FceRIa
expression in LAD2 cells cultured in dECM-H at 168 h
(0.09 – 0.01) was also significantly higher than dECM-H
at 24 h (0.01 – <0.01) and dECM-H at 48 h (0.02 – <0.01),
as well as TCP (0.06 – 0.01, p < 0.01), but not to Collagen-H
at 168 h (0.08 – <0.01, p = 0.28). Finally, FceRIa gene
expression of LAD2 cells cultured in dECM-H at 168 h
(2.12 – 0.02) was significantly increased ( p < 0.01) com-
pared to Collagen-H at 168 h (1.36 – 0.12) and TCP
(1.33 – 0.29) and additionally higher than dECM-H at 24 h
(0.77 – 0.09) and dECM-H at 48 h (0.72 – 0.16). These re-
sults suggest that dECM-H promotes expression of FceRI
IgE receptor chain subunits compared to Collagen-H and
TCP controls while downregulating c-KIT expression.

Discussion

The present study focuses on the relatively unknown in-
teractions between ECM hydrogels and MCs. ECM scaffolds
have been shown to modulate immune cells through the
promotion of a Th2 phenotype on T cells41 and M2-like
response on macrophages.38–40 However, to the best of our
knowledge, there is not much known about the in vitro in-
teractions between MCs and ECM scaffolds. ECM scaffolds
could represent an ideal culture substrate to modulate the
MC response in vivo or to create novel in vitro testing
platforms to study MC biology. MCs circulate in blood as
progenitors and only mature once they are in tissues, where
they reside for several years.6 This results in marked het-
erogeneity of MCs in vivo, a feature that makes the study of
MCs, particularly human MCs, difficult to achieve in vivo in
animal models, ex vivo and in vitro.

Derivation of MCs from primary tissues, such as the
dermis, lung, and gastrointestinal tract, yields low numbers.
Furthermore, the harsh mechanical and biochemical condi-
tions required to isolate the cells from tissue can damage
surface proteins and activate the cells. An alternative ap-
proach is to culture MCs from MC precursors found in
peripheral blood or bone marrow. However, this approach
results in an immature MC population with an artificial
‘‘cultured’’ phenotype that is driven by the addition of
limited cocktails of cytokines during culture.

Cell lines are available, but often do not express FceRI, a
key receptor for MC biology. The human LAD2 MC line
derived from an adult patient with MC sarcoma50 does ex-
press high levels of FceRI and is therefore commonly used
in research for MC-associated diseases.65 However,
in vitro data from LAD2 MCs must be interpreted with
care because, as with any cell line used, it is not clear how
the transformed nature of these cells affects the cellular
phenotype.

In this study, dECM-H was used as an in vitro culture
substrate, offering a tissue-specific 3D environment to en-
hance MC culture and provide a more physiologically rel-
evant environment. Porcine-derived ECM was chosen given
its relative abundance and ease of procurement as by-
products of the meatpacking industry. Decellularized por-
cine and human tissues have also been found to be similar in
terms of mechanical properties, protein composition, and
potential cellular interactions.66,67 However, while healthy
porcine tissue is inexpensive and easily procured, human

tissue is expensive to handle and difficult to procure, as
healthy tissue is preferably sourced for transplantation and
tissues rejected for transplantation may not be the best for
decellularization. Dermal tissue was chosen over other ECM
types because a number of human and animal MC-
associated diseases, such as dermatitis, mastocytosis, and
canine MCTs, occur frequently in the skin.6 However, ECM
isolated from other tissues could be utilized for MC-driven
diseases, such as lung for asthma.

We report significant differences in human cells (LAD2)
when embedded in dECM-H in comparison to our control
substrates, Collagen-H and TCP. While dECM-H and
Collagen-H exhibit similar gelation kinetics profiles, dECM-
H has some unique properties that may explain the MC
behavior observed in this study. The first of these differ-
ences is the average surface stiffness between dECM-H and
Collagen-H (Fig. 2C, D). The results show that dECM-H
had, on average, stiffer regions than Collagen-H. The rea-
sons for these differences remain unknown, but differences
in composition and particulate size could help explain
varying levels of stiffness measured. It is well known that
cell-level matrix stiffness can affect the shape, function, and
differentiation of many different cell types68–70 and could
have an effect on MCs. Reports show how MCs themselves
respond differently to substrates of varying levels of stiff-
ness affecting processes such as migration activity71 and cell
shape.45 ECM-derived hydrogels are soft substrates and
possess different mechanical properties than the source
tissue. Therefore, these hydrogels cannot recapitulate the
native stiffness of the tissue, but they harness the compo-
sitional cues inherent within the matrix. Further studies
will determine the overall effects of hydrogel stiffness on
MC maturation and function in vitro. Nevertheless, the
changes in stiffness might not fully explain the short- and
long-term response of MCs when cultured on dECM-H
observed in the present study. This will also be explored in
future studies.

Another possible factor modulating MC behavior could
be the presence of TGF-b1 within the dECM-H (Fig. 3C).
TGF-b1 has been detected in other porcine ECM tissues72

and plays an important role in the mammalian immune
system.73 Previous studies have shown that LAD2 cells
expressed lower levels of FceRIb in vitro compared to
human skin-derived MCs.74 It has also been shown that
MCs secrete TGF-b1 when stimulated with IgE.75 In turn,
MCs respond to exogenous TGF-b1 by decreasing FceRI
expression,58 inhibiting proliferation,76 and downregulating
histamine and tumor necrosis factor alpha (TNF-a).77 TGF-
b1 has been shown to regulate c-KIT expression78 and SCF,
the ligand for c-KIT.79

In the present study, LAD2 cells showed initial down-
regulation of FceRI receptor chains as a result of TGF-b1
stimulation in vitro confirming previous reports. However,
c-KIT was not significantly affected. When LAD2 cells were
cultured within dECM-H, only c-KIT and FceRIb were
significantly downregulated compared to cells cultured on
Collagen-H. The data suggest a possible influence of TGF-
b1 within the dECM-H during the initial 48 h of culture
although further testing is needed to elucidate the exact role
of dECM-derived TGF-b1 on MCs.

Since MCs cultured in vitro do not show similar gene
expression profiles to MCs found in vivo, our study focused
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on examining whether dECM-H could provide a superior
in vitro environment to promote MC maturation, viability,
and more appropriate, physiologically relevant responses.
Metabolic activity (Fig. 4C) was significantly upregulated at
7 days (a finding we replicated with the human neoplastic
cell line, HMC-1 [Supplementary Fig. S3], and canine neo-
plastic HRMCs [Supplementary Fig. S4E]). In a cell viability
assay, LAD2s became clumped and showed a diminished live
signal at 168 h when in culture with Collagen-H, but main-
tained strong viability and resisted clumping in dECM-H.
We also found evidence of tumor progression in neoplastic
HRMCs where histological staining revealed multinucleated
cells and cells with bizarre nuclei and mitotic figures, cor-
responding with the Kiupel grading system for canine MCTs
(Supplementary Fig. S4B–D). Histological staining and ana-
lysis is described in Supplementary Data.

MC development and regulation are heavily dependent
on c-KIT, but as a proto-oncogene, constitutive activation
due to mutations in c-KIT can lead to human mastocytosis
or canine MCTs.80–82 Since HRMCs and HMC-1s have
clinically relevant c-KIT mutations resulting in constitu-
tive activation of the receptor tyrosine kinase KIT, which
leads to neoplastic MC growth, we were interested in the
effect dECM-H would have on c-KIT expression. The
downregulation in both hydrogels at 168 h (Fig. 4E)
shows that perhaps the 3D environment could play a
larger role on the long-term response of LAD2s than the
presence of TGF-b1.

Given the metabolic changes observed at this timepoint,
gene expression at 168 h of all three FceRI chains was
measured. In MCs, IgE antibodies bind to FceRI, causing
downstream signaling cascades and subsequent MC activa-
tion. As the FceRI receptor consists of a, b, and g sub-
units,83 gene expression of all three chains was measured,
and the results indicate upregulated expression of all three
when LAD2s were cultured in dECM-H (Fig. 4E). This
suggests that, in comparison to c-KIT expression, this up-
regulation is due to the culture of dECM-H specifically and
not just the 3D environment that the hydrogel provides.

While c-KIT and IgE receptor expression (FceRI) alone
may not be sufficient to characterize MCs as fully mature,
there are other markers of MC maturation that will be the
focus of future studies, such as measuring granule contents
for tryptase, chymase, heparin, intracellular calcium, or
cytokine production and degranulation. In addition, due to
the heterogeneity of receptors that MCs can express, it
would be worthwhile to measure expression of receptors
that mediate adhesion to the ECM.

One limitation of this study is the inherent variability
found in ECM scaffolds and ECM hydrogels. Although we
used quality control parameters, such as dsDNA quantifi-
cation, histology, and standard operating procedures during
this study, ECM hydrogels can vary in composition de-
pending on the animal source (animal age, etc.) and decel-
lularization protocol used. Particle size of dECM after
decellularization and lyophilization can also vary and be
difficult to control. Synthetic hydrogels can offer a more
standardized product, but do not offer the unique biological
activity that is found in ECM biomaterials.

To account for this, we used an automated decellular-
ization method developed in our laboratory47 that is con-
siderably shorter than previously reported methods,84,85 yet

retains crucial ECM components (Fig. 1C, E) with sufficient
DNA content removal (Fig. 1D). Shortening this process
allows for cost savings on reagents and time and helps
mitigate potential variations in the decellularization process
by consolidating the steps. Improperly decellularized tissues
could influence downstream processes and cell survival, so
the automated process allows for proper and thorough
rinsing of the tissue from residual reagents that could elicit
immunogenic responses or other negative effects.

An additional limitation of this study is the use of im-
mortalized cell lines. Consequently, future studies will focus
on primary cell sources. Regardless of these limitations, this
study reports on the potential use of dECM-H as a 3D
culture platform for MCs and demonstrates significant po-
tential to study MC maturation and phenotype with im-
proved in vitro cell culture of primary human MCs, thus
advancing current MC culture techniques for research into
MC-associated diseases.

Conclusions

dECM-H can be used as a 3D in vitro platform to study
human and canine MC culture. dECM-H promotes increased
metabolic activity, cell viability, and expression of IgE re-
ceptor chains under prolonged culture times. The present
study shows the benefits of dECM-H as a substrate for ad-
vancing the translation of findings from in vitro MC studies
and the development of new testing platforms for thera-
peutics targeting MC-associated diseases.
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